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ABSTRACT 
Memory consolidation - the time-dependent stabilization of information- involves two 
processes: 1) synaptic consolidation and 2) systems consolidation. Synaptic 
consolidation uses a series of protein synthesis cascades that make lasting changes in 
the underlying neural architecture of a memory. Systems consolidation involves the 
reorganization of memory such that, with the passage of time, memory that is initially 
hippocampus-dependent can be retrieved and activated independent of the 
hippocampus. Black-capped chickadees (Poecile atricapillus) store and relocate food 
using hippocampus-dependent spatial memory. In Chapter 2 inhibition of protein 
synthesis by anisomycin, either 0 and 2 h or 4 and 6 h after food caching impaired 
memory for cache sites 24 and 48 h later after caching. In Chapter 3, aspiration lesions 
disrupting connections between the hippocampus and the hyperpallium accessorium 
were made at 1, 14 and 28 days following learning. Aspirations performed at 1 day, but 
not at 14 or 28 days, impaired memory. These findings indicate that synaptic 
consolidation and systems consolidation both play a role in memory for spatial locations 
in food-storing birds.    
 
Keywords: memory consolidation, hippocampus, Black-capped chickadee, protein 
synthesis, anisomycin, systems memory consolidation, aspiration 
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CHAPTER 1 
GENERAL INTRODUCTION 
Memory and its underlying mechanisms are an intriguing and complex problem in 
neuroscience. The intricate nature of these processes has been a focal point of research 
for over a century, and our understanding of memory has evolved tremendously in recent 
years (Nader, 2003). A little over a century ago the first hypothesis of memory formation 
was developed: the consolidation theory (Müller & Pilzecker, 1900). Proponents of 
modern consolidation theory subscribe to the idea that memory begins with new 
information initially encoded in the brain in an unstable, labile state dependent on 
ongoing neural transmission. This process is termed short-term memory (STM) and lasts 
for seconds to hours. As time progresses, memory becomes stabilized against temporary 
alterations in synaptic transmission that are characteristic of STM, by more persistent 
modifications in the synaptic architecture (McGaugh, 1966). Information is thus 
transformed into a fixed or ‘consolidated’ state stored in long-term memory (LTM) 
(Miller & Matzel, 2000). Memory develops in a time-dependent manner. It is only when 
memory is labile and undergoing neural transmission that it is susceptible to disruption. 
Furthermore, the magnitude of disruption is inversely proportional to time in transition 
from STM to LTM. This temporal gradient is taken as evidence for a stabilization process 
of newly acquired memories.  
The Beginnings of Memory Consolidation 
Müller and Pilzecker (1900) were the first to investigate the consolidation 
process. They discovered that interference compromised one’s ability to consolidate 
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memory. Müller and Pilzecker (1900) asserted that the inability to consolidate 
information was caused by any mentally effortful task administered prior to recall 
regardless of its content. Such findings implied that memories must undergo a gradual 
stabilization process in order to be recalled at a later time and, indeed, this belief is 
congruent with current evidence (Dewar, Cowan, & Della Sala, 2007). 
The work of Müller and Pelzicker (1900) attracted little attention over the half 
century that followed. It was not until Duncan (1949) published a series of reports that 
demonstrated retrograde amnesia following administration of electroconvulsive shock 
(ECS) in rats that consolidation theory would resurface. Duncan’s findings served to fuel 
an explosion of studies using various treatments, protocols and systems all designed to 
more closely examine the underpinnings of memory consolidation. Apart from Duncan’s 
original work the majority of memory research had been grounded in clinical studies of 
consolidation in patients with brain injuries. A significant weakness of clinical research, 
however, was its inability to ascribe a lesion to a precise location. Following Duncan’s 
work, there was shift from clinical studies to animal models to ensure that only brain 
regions of interest were targeted and precise manipulations could be used to better 
elucidate the processes of consolidation.  
Several laboratories utilized both lesion and pharmacological procedures to 
expand on Duncan’s (1949) work. These studies showed evidence for an important time-
dependent characteristic of memory consolidation. Regardless of the type of disruption, it 
appeared that memory was only labile during a short time after training, generally two 
hours (McGaugh, 1966). Disruption outside this temporal window failed to produce 
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adverse effects on subsequent retrieval attempts. In addition, memory-enhancing drugs 
administered immediately after training improved memory storage. If the same drugs 
were administered outside a relatively brief time window, however, the beneficial effects 
were nullified. Together, these findings supported the claim that there must be a distinct 
set of mechanisms used to temporarily consolidate and store memory within the first few 
hours post-learning.  
Data from clinical studies did, however, offer insights into the process of memory 
consolidation. Of particular interest was a group of patients with bilateral hippocampal 
damage (reviewed in Squire & Alvarez, 1995). Patients were diagnosed with 
circumscribed memory impairment in the absence of any other cognitive deficits. Post-
mortem autopsies indicated that patients with relatively limited damage restricted to the 
CA1 field of the hippocampus had very limited retrograde amnesia, whereas more 
widespread damage led to a more extensive temporally graded retrograde amnesia 
(Squire & Alvarez, 1995). The age of the memory also seemed to be a critical factor for 
subsequent retrieval. That is, the recall of recent memories was most affected, whereas 
remote memories were generally spared. Evidence of this nature suggested a time-limited 
role for the hippocampus in memory consolidation and, more importantly, supported the 
idea that a memory trace undergoes anatomical reorganization during its lifetime. While 
animal models revealed a fast reorganization of neural circuits to temporarily stabilize 
memories, the aforementioned case studies provided evidence for a second distinct 
reorganization process with much slower kinetics that ultimately created a more 
permanent memory store.  
!!
!
4!
The majority of clinical studies and early animal models focused on the 
hippocampus as the primary brain structure that housed the processes of consolidation. 
However, memory consolidation is not a phenomenon that is restricted to the 
hippocampus alone. Emotionally salient experiences trigger the release of endogenous 
hormones that serve to modulate memories by activating adrenergic and glucocorticoid 
receptors in the amygdala (McGaugh, 2000). The amygdala and hippocampus share 
anatomical connections and thus the amygdala can modulate a memory both directly (by 
hormone binding to a receptor) and indirectly by controlling upstream mechanisms that 
mediate the influence of drugs and hormones that stimulate the release of other hormones 
(Cahill, Prins, Weber & McGaugh, 1994). The amygdala’s role in memory consolidation 
is not restricted to emotionally salient experience. Evidence suggests that it works in 
concert with other brain regions to stabilize different types of memory, for example 
spatial memory in the Morris Water Maze (MWM) in rats (Packard, Cahill and 
McGaugh, 1994).  
Brashers-Krug, Shadmehr and Bizzi (1996) examined consolidation in the 
cerebellum using a motor task where subjects had to maneuver a cursor through a series 
of targets while a pattern of velocity-dependent forces perturbed the cursor’s movement. 
Subjects learned to compensate for the perturbing forces and performed well 24 hours 
later. However, if a pattern of velocity-dependent perturbations opposite of that 
previously learned was applied immediately after learning, subjects’ recall 24 hours later 
was compromised. Interestingly, if the second motor task was learned four hours post-
learning no disruption in performance was detectable. These findings suggested that the 
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neural processes required for motor memory were gradually consolidated within hours of 
learning. Taken together, it has become increasingly clear from both human and animal 
studies that memory consolidation is a dynamic process that involves complex 
interactions among multiple brain regions. 
The term “consolidation” has historically had a broad definition. Current research, 
however, distinguishes two distinct processes, synaptic consolidation and systems 
consolidation, which are the focus of this thesis. 
Synaptic Consolidation 
Synaptic consolidation is the first posited stage of memory formation. Hebb’s 
(1949) dual-trace theory of memory marked the transition from behavioral studies to 
more invasive work designed to discover the underlying biological events contributing to 
the phenomenon of LTM formation. Today it is believed that the phenomenon of synaptic 
consolidation occurs on a timescale of seconds to hours post-learning and is caused by a 
cascade of molecular events (e.g. Bailey & Kandel, 1993). The mechanism responsible 
for establishing the initial experience-dependent internal representation of a memory 
occurs in the local nodes of the neural circuits and involves subsequent cross talk 
between synapses, ultimately altering the properties of neurons (Dudai & Morris, 2000). 
Studies have been able to identify specific molecular pathways involving Ca
2+
 (cAMP, 
mitogen-activated protein kinases and tyrosine kinases) and genes critical for 
consolidation (Alberni, 2005).  
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The Standard Model of Synaptic Consolidation. 
The standard model of synaptic consolidation is that experience-dependent 
information elicits intracellular cascades resulting in downstream modifications of 
synaptic proteins. These changes in synaptic proteins then alter the excitability of 
synapses and neurotransmitter (NT) actions downstream (Dudai, 2004). The cyclic 
adenosine monophosphate (cAMP) cascade is of particular importance (Yin et al., 1994). 
The cAMP cascade is responsible for the activation cAMP kinases, which in turn activate 
different cAMP-response element binding proteins (CREBs). CREB production from 
cAMP intracellular signal transduction cascades regulate transcription factors, leading to 
modulation of the expression of immediate early genes (IEGs) and subsequent late 
response genes (Dudai, 2004). IEGs code for either growth or degradation of proteins, 
and it is the balance between activator and repressor forms of CREBs that is proposed to 
be essential for the eventual storage of information (Bourtchuladze et al., 1994). If 
information is to be stored, the cascade culminates in temporary synaptic alterations 
being modified into persistent, long-lasting changes in synaptic architecture. The most 
prominent morphological changes associated with LTM formation are proliferation of 
synapses and strengthening of existing synapses (reviewed by Bailey & Kandel, 1993). 
Strengthening of existing synapses occurs via the recruitment of synaptic and cell-wide 
mechanisms (e.g. Huber, Kayser, & Bear, 2000). The configuration of the newly 
activated synapse may recruit proteins and the synthesis of new proteins in the synapse. 
These proteins may help tag the synapse and then send signals to the cell nucleus  
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(e.g. Casadio et al., 1999). The nucleus can the help direct metabolic resources to ensure 
the configuration remains stable (Dudai & Morris, 2000). 
The Role of Protein Synthesis. 
A variety of perturbations interfere with consolidation of new memories including 
cerebral trauma, electroconvulsive shock, RNA and protein synthesis inhibitors (PSI) and 
a variety of other drugs (McGaugh, 2000). Of particular interest, for the current study, is 
the action of protein synthesis inhibitors on synaptic consolidation.  
 Katz and Halstead (1950) first hypothesized the importance of protein synthesis in 
memory formation, but it was not until Flexner and Stellar (1963) provided empirical 
evidence that the hypothesis moved from theoretical notion to experimental finding. 
Flexner and Stellar (1963) treated mice with a PSI and observed subsequent amnesia. 
Their study raised important questions and triggered further research on the role of 
protein synthesis, including the work of Lewis and Bregman (1973), which replicated the 
original work of Lewis, Misanin and Miller (1968) using PSIs instead of ECS.  This 
effect of PSIs on memory has been consistent across species and by the use of varied 
protocols (Davis & Squire, 1984; McGaugh, 2000). Protein synthesis is critical for the 
initial stabilization of information during the labile phase of consolidation and promotes 
the neural strengthening and connectivity that ultimately allows a memory to persist in 
LTM. De novo protein synthesis is now a widely accepted property of LTM formation 
(McGaugh, 1966; Dudai, 2004). 
Despite the obvious importance of protein synthesis, some cases continue to 
challenge researchers (Alberini, 2008). Instances of recovery from amnesia effectively 
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limited the direct causal relationships that could be inferred between protein synthesis 
and memory formation and generated skepticism regarding the underlying modes of 
action of the amnesic treatments. That is, did the consolidation blockers prevent the 
memory from being encoded in the first place (i.e. consolidation deficit), or was the 
memory formed, but temporarily inaccessible (i.e. retrieval deficit) (Miller & Springer, 
1974; Miller & Matzel, 2006). Theoretically, if protein synthesis is inhibited, the memory 
should never be encoded in the first place. The work of Milekic, Brown, Castellini and 
Alberini (2006) demonstrated that recovery from amnesia might be a consequence of the 
level of protein synthesis inhibition. Partial inhibition leads to transient impairments, 
which have the capacity to recover, whereas complete inhibition (90% or greater, Davis 
& Squire, 1984) ensured permanent deficits. There is no consensus on this longstanding 
debate (e.g. Litvin & Anokhin, 2000; Vianna, Szapiro, McGaugh, Medina, & Izquierdo, 
2001; Anokhin, Tiunova, & Rose, 2002; Boccia, Acosta, Blake, & Baratti, 2004; Debiec 
and LeDoux, 2004; Dudai & Eisenberg, 2004; Duvarci and Nader, 2004; Lattal & Abel, 
2004; Lee, Everitt, & Thomas, 2004; Salinska, Bourne, & Rose, 2004; Suzuki, Josselyn 
& Frankland, 2004; Power, Berlau, McGaugh, & Steward, 2006; Stafford & Lattal, 
2009). 
Temporal Boundaries. 
Similarly, studies focused on the duration of synaptic consolidation and its 
corresponding temporal boundaries continue (Alberni 2005). Although it was generally 
accepted that synaptic consolidation was achieved within seconds to hours (McGaugh, 
1966; Davis & Squire, 1984), other studies have revealed multiple temporal windows in 
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which protein synthesis is necessary for consolidation (Grecksch & Matthies, 1980; 
Freeman, Rose, & Scholey, 1995; Bourtchouladze et al., 1998; Epstein, Child, Kuzirian, 
& Alkon, 2003; Lattal & Abel, 2004). These studies suggest a second wave of protein 
synthesis 4-6 post-learning. However, the existence of a second window is not a universal 
property of synaptic consolidation and may, in part, depend on the type and strength of 
training protocol employed (Bourtchouladze et al., 1998). 
In conclusion, synaptic consolidation is widely regarded as based on a series of 
molecular events, namely protein synthesis, that stabilize the memory within seconds to 
minutes after learning, although some studies suggest a second temporal window exists. 
In addition, it is not clear whether or not amnesia is caused by an inability to consolidate 
or the result of a retrieval deficit. 
Systems Consolidation  
Although the majority of research to date has been devoted to understanding 
mechanisms underlying synaptic consolidation, there is also an extensive body of work 
that has explored the second stage of memory consolidation: systems consolidation. 
Unlike synaptic consolidation, the more prolonged reorganization and anatomical 
redistribution of a memory occurs on a much longer temporal scale ranging from days, to 
weeks, to years depending on the species and protocol employed (Dudai, 2004). Ribot 
(1882) was the first to speculate that memories may undergo a time-dependent 
reorganization at the brain region level. Ribot noted that more recent memories were 
more adversely affected than distant memories. This hallmark finding of temporally 
graded retrograde amnesia (TGRA) was taken as evidence of a time-limited role of the 
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hippocampus in memory consolidation. Most contemporary views of systems 
consolidation are grounded on the perspective that the hippocampus functions as a 
temporary store for recently encoded information, but that the permanent repository for 
LTM is located elsewhere, likely the neocortex (Squire & Alvarez, 1995). The 
mechanism driving the shift in the supposed anatomical distribution was believed to be 
the reorganization of the internal representation of a memory trace. Such reorganization 
likely involves the remodeling and strengthening of synaptic connectivity between the 
hippocampus and disparate cortical sites such that the original brain regions utilized to 
retrieve the memory, the hippocampus, no longer encode the trace or perhaps possess a 
more compressed version of the memory. Thus over time, extrahippocampal sites might 
be sufficient to store and retrieve memories without recourse to the hippocampus. In 
addition, the original brain structure may constantly communicate with other brain 
regions (e.g. neocortex) and remain necessary to retrieve or reactivate memories.  
The Standard Model of Systems Consolidation. 
The Standard Model of Systems Consolidation (SMC) postulates that the 
hippocampus has a time-limited role in consolidation. Initially the memory trace is 
encoded in both hippocampal and neocortical sites. However, the memory is distributed 
in disparate neocortical locations and the hippocampus (as well as other related structures 
found in the medial temporal lobe [MTL]) serves to integrate it, thus generating a 
memory trace that is bound by a series of hippocampal-neocortical neurons (Moscovitch, 
Nadel, Winocur, Gilboa & Rosenbaum, 2006). Upon retrieval, either explicitly 
(rehearsal) or offline (sleep), the hippocampal representation is reinstated. Repeated 
!!
!
11!
reinstatement leads to remodeling and strengthening of the synaptic connectivity between 
the hippocampus and relevant neocortical regions (Dudai, 2004). Over time memories 
initially hippocampus-dependent become hippocampus-independent, such that the 
neocortex is sufficient to store and retrieve the memory trace without recourse to the 
hippocampus. The redistribution of a memory potentially enables more space in 
structures responsible for initial storage (e.g. MTL) and permits the neocortical system to 
assimilate new experiences into an existing memory ensemble thus facilitating more 
effective cognitive functioning (Nadel, Winocur, Ryan & Moscovitch, 2007). The 
involvement of the hippocampus is generally restricted to declarative memory: episodic 
and semantic memory (Winocur & Moscovitch, 2011). SMC does not distinguish 
between the two types of memory and suggests they are both subject to the same 
reorganization process. Thus, both episodic and semantic memories undergo systems 
consolidation. 
Evidence from Human Studies. 
Scoville and Milner’s (1957) classic case study of patient H.M. revealed a normal 
immediate recall and the retention of remote memories despite hippocampal lesions. It 
was therefore suggested that the observed amnesia was not due to an underlying deficit in 
acquisition or the ability to store information in STM (Dudai, 2004). Conversely, 
Warrington and Weiskrantz (1970) reported that if partial cues were given to patients the 
amnesic effects were mitigated to levels comparable to controls. In addition, several 
reports found that memory loss reflected an ungraded, flat retrograde amnesia (RA) 
extending over several decades (reviewed in Squire & Alvarez, 1995). In the case of this 
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latter finding, however, it is important to note that the lesions were more or less restricted 
to the neocortex (Squire, Clark & Knowlton, 2001). Together, these results corroborated 
the time-limited role of the MTL in LTM storage and the importance of the neocortex as 
a permanent repository for LTM thus favouring the SCM account.  
Further insights into the complexity of system consolidation have been provided 
by imaging studies. Positron emission tomography (PET) in both motor tasks and tasks 
that used emotional stimuli to elicit amyglada activity illustrated that activity patterns 
changed as a consequence of both learning and time (Cahill et al., 1996). Over the course 
of several hours different brain regions experienced bursts in activity lending support to 
the idea that consolidation involves a time-dependent reorganization of memory which 
may underlie its increased stability (Shadmehr & Holcomb, 1997). Haist, Gore and Mao 
(2001) used the famous faces remote memory test and fMRI to examine the activity of 
both neocortical and MTL regions. The study revealed a time-limited role of the MTL 
regions in LTM recollection. Imaging techniques have not been limited to human 
subjects. Several studies have noted gradual reorganization of memory in animals with 
the cortex serving as the ultimate repository (Bontempi, Laurent-Demir, Destrade & 
Jaffard, 1999). Other studies, however, have proposed uniform activation in both 
hippocampal and neocortical regions (Nadel & Moscovitch, 1997; Nadel, Samsonovich, 
Ryan & Moscovitch, 2000; Ryan et al., 2001). 
Evidence from Animal Models. 
Animal models have been used to further examine the underlying process of 
systems consolidation and simplify the complexities inherent in of human research, 
!!
!
13!
namely variable acquisition and retention conditions and variation in both the location 
and size of lesions. A variety of protocols have reproduced the classic pattern of TGRA. 
TGRA is commonly observed in contextual fear conditioning, trace eye blink 
conditioning and socially acquired taste preference (e.g. Zola-Morgan & Squire, 1990; 
Kim & Fanselow, 1992; Squire, 1992; Kim, Clark, & Thompson, 1995; Clark, 
Broadbent, Zola, & Squire, 2002). Despite the ability to minimize extraneous variables, 
however, and control lesion location and size, animal studies have yielded similar 
inconsistencies with respect to the type of RA observed. Studies examining remote 
spatial memory consistently report extensive RA with no gradient (e.g. Yoon, 
Beracochea, & Jaffard, 1993; Winocur, Moscovitch, Caruana, Binns, 2005; Martin, de 
Hoz, & Morris, 2005) while no RA is reported in tasks that do not result in anterograde 
loss, namely procedural learning, single object discrimination and conditioning to 
unimodal stimuli (Nadel et al., 2007). Therefore, although TGRA is observed in both 
human and animal studies, favouring a SMC account, some experiments produce no 
evidence for TGRA. 
Alternative Models: Multiple Trace Theory. 
In response to such contradictory findings, Nadel and Moscovitch (1997) 
developed an alternative model, known as the Multiple Trace Theory (MTT). MTT 
asserts the hippocampus has a time-invariant role and is involved in storage and retrieval 
for the entire lifespan of an episodic memory. Moreover, each time a memory is 
recollected, new synaptic connections are formed between the MTL and neocortex 
serving to reinforce and strengthen memory (Winocur & Moscovitch, 2011). More 
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remote memories will thus have established a much more extensive hippocampal-
neocortical memory trace due to repeated retrieval episodes, while relatively new 
memories will exhibit comparatively sparse interconnectivity and be more vulnerable to 
disruption. However, this aspect of MTT has been challenged because partial lesions in 
several spatial tasks impaired both recent and remote memory (Ramos, 1998; Martin, de 
Hoz & Morris, 2005; Broadbent, Clark & Squire, 2006). MTT, like SMC, asserts that 
semantic memories reorganize such that they are represented neocortically independent 
of the hippocampus. Still, studies using a delay-conditioning paradigm (thought to be 
semantic in nature) have yielded flat RA gradients  (Sutherland, O’Brien & Lehmann, 
2008; Lehmann, Sparks, O’Brien, McDonald & Sutherland, 2010). More recently, 
Winocur and Moscovitch (2011) expanded on MTT with the Transformation Hypothesis 
(TH). TH is the idea that over time constant reactivation of an episodic memory can 
render it susceptible to schematization or a gist-like transformation. The resultant version 
lacks the rich contextual details of the episodic version. The new semanticized memory is 
thought to reside in the neocortex and does not replace the original episodic copy. Rather 
the versions co-exist and complement each other in such a way that they are utilized 
according to situational demands. Substantial evidence from both human and animal 
studies corroborated these theories and call into question the traditional SMC (Nadel & 
Moscovitch, 1997; Winocur and Moscovitch, 2011).  
An Animal Model: The Black-capped Chickadee 
Black-capped chickadees (Poecile atricapillus), both in the wild and in captivity, 
exhibit food-caching behaviour (Sherry & Vaccarino, 1989). The storage sites for food 
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usually consist of concealed locations, such as small crevices in bark, moss, leaf buds and 
dry leaves (Sherry & Vaccarino, 1989). Cache sites are scattered among hundreds of 
different locations throughout a bird’s territory and chickadees may cache up to several 
hundred food items a day (Sherry, 1984). Food caching is critical for a chickadee’s 
survival. Caching typical increases significantly during the fall months. The caches made 
in the fall will ensure the chickadees have a stable food supply over winter months when 
food is scarce. Studies have shown that chickadees can recover these cache sites with 
remarkable accuracy up to several days later using spatial memory (Cowie, Krebs, & 
Sherry, 1981). Laboratory and field studies have shown that cache recovery is not a 
function of chance, but rather reflects an underlying memory (Stevens & Krebs, 1986; 
Sherry, Krebs & Cowie, 1981; Cowie et al., 1981). Chickadees and other food-storing 
species must, therefore, delete or constantly update the status of cache sites in order to 
accurately distinguish empty caches from filled caches (Sherry, 1984). Sherry (1982) was 
able to substantiate these findings by demonstrating the chickadees can accurately 
remember the location of cache sites and avoid revisiting sites they had already visited 
and emptied of food.  
The food-caching behaviours of chickadees and corvids have provided evidence 
that spatial learning of cache sites is the principle means of recovery (Tomback, 1980). 
The hippocampus has been shown to be involved in the processes necessary for spatial 
learning in a variety of species, based on firing patterns of hippocampal neurons in 
relation to space (Best & Ranck, 1982). Thus, disruption in the hippocampus should 
ultimately lead to disruption in memory for caches. Sherry and Vaccarino (1989) tested 
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this hypothesis by performing bilateral hippocampal lesions. Chickadees with 
hippocampal lesions were unable to find their food caches. The hippocampal lesions did 
not hinder caching behaviour, seed consumption, or the intensity of search for caches and 
therefore these variables cannot have accounted for deficits seen in cache recovery 
accuracy.  For this reason, cache recovery accuracy provides a model to study the 
phenomenon of memory consolidation.  
The following study is the first set of experiments that have been conducted 
utilizing the spatial memory of the Black-capped Chickadee to further explore the 
underlying mechanisms of synaptic and systems consolidation in a novel and ecologically 
relevant paradigm. The existence of these memory phenomenon in the chickadee will 
help to corroborate previous research in both invertebrates and mammals and moreover 
confirm how well conserved these processes are across multiple species from varying 
phylogenies.  
In Chapter 2 I examined the role of protein synthesis in the synaptic consolidation 
of memory for cache food items at two distinct temporal windows: 0 and 2 h and 4 and 6 
h after learning. In Chapter 3 I examined the effects of lesioning the connections between 
the hippocampus from the hyperpallium accessorium and the subsequent ability for 
memory to reorganize over time. Finally, in Chapter 4 I synthesized the findings from the 
current studies and discussed them in light of recent work done in the field.  
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Abstract 
Multiple phases of protein synthesis are necessary for the synaptic modifications that 
consolidate long term memory. The reconsolidation hypothesis posits that information in 
long term memory becomes labile when reactivated and must be reconsolidated into long 
term memory. The current study used the protein synthesis inhibitor anisomycin to 
examine memory consolidation in birds and to test the reconsolidation hypothesis.  
Black-capped chickadees (Poecile atricapillus) store food and usually remember which 
of their caches they have emptied and which they have left full.  In Experiment 1, ANI 
was injected either immediately and 2 h after food caching, or 4 and 6 h after food 
caching.  Inhibition of protein synthesis impaired memory for cache sites 24 and 48 h 
later. In Experiment 2, it was hypothesized that long term memory for food caches is 
reactivated when birds search for caches.  ANI was administered immediately after 
chickadees had recovered some but not all of their caches.  Control birds could remember 
which of their caches they had emptied and which they had left full while birds given 
ANI failed to make this distinction.  This shows that reconsolidation of information about 
intact caches into long term memory is not necessary following search for cache sites, but 
does show that protein synthesis-dependent consolidation is involved in updating the 
status of emptied caches.  
    
Keywords: memory, consolidation, reconsolidation, protein synthesis, ANI, food storing, 
black-capped chickadee 
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Consolidation and Reconsolidation in the Black-capped Chickadee 
The neural basis of memory is one of the fundamental problems in neuroscience. 
The mechanisms of memory have been the focus of research for over a century and our 
understanding of memory has evolved dramatically (Nader, 2003). A little over a century 
ago the consolidation hypothesis of memory formation was proposed (Müller & 
Pilzecker, 1900).  Proponents of modern consolidation theory subscribe to the view that 
memory formation begins with new information encoded initially in an unstable labile 
state that involves ongoing neural transmission. Such short-term memory lasts for 
seconds to hours. As time progresses, memory becomes stabilized and protected by more 
stable modifications of synaptic architecture from the alterations in synaptic transmission 
characteristic of short-term memory (McGaugh, 1966). In this way, information is 
transformed into a fixed or consolidated state stored in long-term memory (Miller & 
Matzel, 2000). Only when memory is labile and dependent on ongoing neural 
transmission is it susceptible to disruption. Furthermore, the severity of such disruption is 
inversely proportional to how long memory has been in transition from a short term to a 
long term state.  This temporal gradient is taken as evidence for a stabilizing 
consolidation process. 
 In 1949, Duncan provided evidence for the consolidation theory by showing that 
electroconvulsive shock produced amnesia in rats when administered shortly after 
training but not when administered 24 h after training (Duncan, 1949).  Misanin, Miller 
& Lewis (1968), however, challenged the idea that memory is permanently consolidated 
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in a long term state.  Like Duncan, Misanin, Miller & Lewis (1968) were able to show the 
non-amnesic effects of electroconvulsive shock administered 24 hours after training, but 
they also found that if memory was reactivated prior to shock, even 24 hours after 
training, amnesia was produced. Since amnesia was not induced when there was no 
reactivation, memory was normally in a stable, consolidated state.  Upon reactivation, 
however, memory re-entered an active liable state susceptible to disruption, just like 
short-term memory. The empirical basis for reconsolidation presented by Misanin et al. 
(1968) was repeatedly challenged, however, because the effect proved difficult to 
replicate and there was a lack of consensus on whether the observed amnesia was a 
storage or retrieval deficit (Rudy, Biedenkapp, Moineau, & Bolding, 2006).  
Interest in reactivated memory increased with the work of Przybyslawaski and 
Sara (1997) and Nader, Schafe and LeDoux (2000). Nader et al. (2000) proposed a novel 
reconsolidation hypothesis, specifically, that retrieval of a stable consolidated memory 
returns that memory to an active labile state that requires new protein synthesis for re-
storage. They used an auditory fear-conditioning paradigm in which a foot-shock US was 
associated with a tone CS. Following learning, the protein synthesis inhibitor anisomycin 
(ANI) was injected into the lateral and basal amygdala, areas implicated in fear 
conditioning (Davis, 1997). There were two important findings. The first was that 
infusions of ANI shortly after initial training prevented consolidation of new memories. 
Second, when the memory trace was reactivated, administration of ANI shortly after 
reactivation also produced amnesia for the tone-shock association. The observed deficits 
did not recover and were interpreted as permanent amnesia. Moreover, when ANI was 
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administered in the absence of reactivation, memory remained intact and performance 
was unimpaired. This suggests that when reactivated, consolidated memories could return 
to a labile state susceptible to disruption.  
Nader et al. (2000) investigated the time course of protein synthesis in 
reconsolidation. Previous studies had demonstrated that protein synthesis inhibition could 
only disrupt consolidation of new memories during a restricted time window shortly after 
learning. Protein synthesis inhibition outside this time window had no amnesic effect. As 
with consolidation, protein synthesis inhibition at long intervals post-reactivation did not 
produce amnesia. This supported the idea that reconsolidation, like consolidation, 
operates in a restricted time window in which protein synthesis is required to establish 
long term memory. Reconsolidation suggested that new information and experience 
could be assimilated into an already existing memory. According to this theory, memory 
is a dynamic and constructive process, subject to ongoing modification and disruption 
(Nader, 2003). Nader’s (2000) results have been corroborated using a variety of 
paradigms, organisms, and means of intervention. There are conditions, however, in 
which reconsolidation is not found (Dawson & McGaugh, 1969; Hoeffer et al., 2011; 
Squire, Slater, & Chace, 1976). The reason for this inconsistency is not clear but it 
suggests that reconsolidation is not a universal phenomenon and its occurrence may be 
bound to specific experimental paradigms (Lewis, 1979; Miller & Springer, 1974).  
The current study examined consolidation and reconsolidation in a novel 
paradigm. I used the protein synthesis inhibitor ANI to test consolidation and 
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reconsolidation of memory for food caches in Black-capped chickadee (Poecile 
atricapillus).   
Black-capped chickadees store food both in the wild and in captivity (Sherry, 
1984). Storage sites are usually partially concealed locations, such as hollow stems, small 
crevices in bark, and dry leaves.  Chickadees may cache up to several hundred food items 
a day in sites scattered throughout a bird’s territory, placing a single food item at each 
cache site.  Chickadees recover these caches with remarkable accuracy using 
hippocampus-dependent spatial memory (Sherry & Hoshooley, 2007; Sherry & 
Vaccarino, 1989). Because chickadees retrieve their stored food, they must also remove 
remembered sites from memory or update the status of these sites in order to distinguish 
empty from full caches.  Experiments show that chickadees do indeed avoid returning to 
caches they have emptied while continuing to visit intact full caches that they made at the 
same time (Sherry, 1984). 
 Protein synthesis is vital to the stabilization of long-term memory (Meiri & 
Rosenblum, 1998) and is involved in the establishment and modification of neuronal 
connectivity (Rudy et al., 2006). ANI blocks protein synthesis at translation by inhibiting 
the action of peptidyl transferase on the 60S ribosome, disrupting the proper elongation 
of proteins (Grollman, 1967). ANI has been shown in many studies to inhibit the 
consolidation of context-specific long term memory and even cause the loss of selected 
memories (Barrientos, O'Reilly, & Rudy, 2002).  Despite concerns over the non-
specificity of ANI and protein synthesis inhibitors in general (Klann & Sweatt, 2008; 
Rudy et al., 2006), ANI seems to produce specific effects on memory without altering the 
!!
!
33!
electric activity of neurons or synaptic transmission. It does, however, inhibit LTP (Meiri 
& Rosenblum, 1998).  
ANI, therefore, has the potential to disrupt the accuracy of chickadees’ cache 
recovery.  Although the effect of protein synthesis inhibition has been examined in the 
Morris water maze (Meiri & Rosenblum, 1998) it has not been investigated in other 
models of spatial memory. I used ANI to determine whether protein synthesis plays a role 
in both consolidation and reconsolidation of memory for cache sites in chickadees and 
tested the hypothesis that when chickadees search for caches, memories for cache sites 
are reactivated and must be reconsolidated in order for memory for cache to persist.   
Experiment 1: Consolidation 
  A variety of perturbations have been shown to interfere with consolidation of 
new memories when applied after initial acquisition including cerebral trauma, 
electroconvulsive shock, RNA and protein synthesis inhibitors, and a variety of drugs 
(McGaugh, 2000).  Typically amnesia is only produced if perturbation occurs around the 
time of training or shortly thereafter (Davis & Squire, 1984). Several studies have also 
demonstrated a second distinct time window in which protein synthesis is necessary for 
long term memory consolidation (Bourtchouladze et al., 1998; Epstein, Child, Kuzirian, 
& Alkon, 2003; Freeman, Rose, & Scholey, 1995; Grecksch & Matthies, 1980; Lattal & 
Abel, 2004). While studies have examined the possibility of multiple time windows for 
protein synthesis, the exact temporal boundaries of consolidation remain largely unknown 
(Alberini, 2007) and some studies using protein synthesis inhibitors have observed only 
transient amnesic effects (Quartermain, McEwen, & Azmitia, 1972).  This observation 
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has led some researchers to propose that amnesia caused by protein synthesis inhibitors is 
not due to encoding failure but instead an artifact of a retrieval deficit in which memory 
is temporarily inaccessible (Miller & Matzel, 2000; Miller & Springer, 1974). There is no 
clear consensus in this debate (Anokhin, Tiunova, & Rose, 2002; Boccia, Acosta, Blake, 
& Baratti, 2004; Dudai & Eisenberg, 2004; Duvarci & Nader, 2004; Lee, Everitt, & 
Thomas, 2004; Power, Berlau, McGaugh, & Steward, 2006; Stafford & Lattal, 2009).  
The first experiment investigated the susceptibility of newly acquired memories to 
protein synthesis inhibition during two previously reported time windows for memory 
consolidation. I also examined the potential for recovery from protein synthesis inhibition 
induced amnesia.  
Methods 
Subjects 
 Black-capped chickadees (n  = 20; weight 10-13g) were captured near the 
Western University campus and held in captivity under a Canadian Wildlife Service 
Scientific Capture permit. All animals were handled and tested according to Canadian 
Council on Animal Care guidelines and Western University animal care protocols. 
Subjects were assigned to two groups, one given ANI at 0 and 2 hours following caching 
(n=5), another given ANI 4 and 6 h following caching (n=5).  Each group was paired 
with a control group (n = 5/group) that received the injection vehicle 10% !-
cyclodextrin/PBS).  
Birds were individually housed in wire mesh (25 cm x 25 cm x 38 cm) cages on a 
14:10 h light/dark cycle (onset 0700h). Birds were maintained on an ad lib diet of Mazuri 
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Small Bird Diet (PMI Nutrition International LLC, Brentwood, MO, USA) and sunflower 
seeds ground to a fine powder to prevent food caching in the home cage.  Water was 
available ad lib.  
Drug Administration  
Subjects were administered either ANI from Streptomyces griseolus, 97% (Sigma 
Aldrich, St. Louis, MO) in 10% !-cyclodextrin PBS (Sigma Aldrich, St. Louis, MO) 
dissolved in physiological 0.9% PBS or the injection vehicle, 10% !-cyclodextrin in 
0.9% PBS.   All injections were given at a dosage of 0.075 mg ANI/g body weight. This 
dosage of ANI has been shown to inhibit over 90% of protein synthesis in the brain 
during the first two hours after injection (Flood, Rosenzweig, Bennett, & Orme, 1973). 
Drug and vehicle were administered in two injections into the pectoralis muscle.  Half of 
the injection was given in the left and half in the right pectoralis muscle. The same 
injection protocol was repeated two hours later.   
Apparatus 
Home cages were each equipped with a small door (28 cm x 38 cm) that when 
opened allowed entry into an indoor aviary containing four artificial trees. Trees 
consisted of cut branches approximately 2 m in length held upright in plastic stands. Each 
tree had a single main trunk with several smaller branches of varying size projecting from 
it. Each tree contained eight individual cache sites randomly located on the tree for a total 
of 32 cache sites, each 1 cm deep and 0.5 cm in diameter. For cache sites with no natural 
perch nearby, a dowel perch, 0.5 cm in diameter was positioned on the branch below the 
hole. Cache sites could be concealed by inserting a small piece of yarn that was attached 
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to the tree branch next to each site.  The yarn prevented birds from seeing into the cache 
site without removing the yarn and provided an objective measure of whether a cache site 
had been inspected by a bird.  The trees were placed in a different predetermined 
orientation prior to each trial to vary the spatial arrangement of cache sites from trial to 
trial. Storable sunflower chips were provided during the Storage phase (see below) of 
each trial.   
Procedure 
Each trial consisted of 4 phases (Figure 2.1 upper and middle) and each chickadee 
completed 3-5 trials. Behaviour was recorded using Noldus Observer XT (Noldus 
Information Technology, Wageningen, The Netherlands). 
Pre-Search (PS). All chickadees were food-deprived for 3 - 5 h (1 h prior to light 
offset and 2 or more hours after light onset) and then permitted to enter the aviary. The 
Pre-Search phase lasted 5 min. All cache sites were empty and there was no food 
available for consumption or storage. A ‘search’ was defined as probing or visually 
inspecting a cache site. Pre-Search data was used to estimate search biases that may have 
influenced search behaviour in later retrieval trials (see details below).  
Storage. The storage phase immediately followed the PS phase.  Chickadees were 
provided with 20 sunflower seed chips for consumption and storage. The number and 
location of seeds cached was recorded for 15 min. Chickadees were then allowed back 
into their home cages. Only cached seeds remained in the aviary, while all other seeds 
and fragments were removed by the experimenter. 
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Figure 2.1.  Experiments 1 and 2 followed the same procedure but differed in the point at 
which ANI was administered.  Birds were observed in four phases, Pre-Storage (PS), 
Storage, Recovery 1 (R1) and Recovery 2 (R2).  Birds in Experiment 1 (Consolidation) 
were given ANI either 0 and 2 h (upper) or 4 and 6 h (middle) following food storing.  
Birds in Experiment 2 (Reconsolidation) were given ANI 0 and 2 h following Recovery 1 
(lower).  Pre-storage served as a control period for estimating the accuracy of search for 
caches during Recovery 1 and 2.  See text for details. 
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Recovery 1 (R1). Recovery 1 served as the first retention test for memory 24 
hours after caching.  Chickadees entered the aviary following 3-5 hours of food 
deprivation. The only seeds available to the bird were those previously cached during the 
Storage phase. This phase lasted for a maximum of 20 min or until half of the stored 
seeds were recovered. Upon retrieval of half of their caches, chickadees were returned to 
their home cages. All remaining seeds were then removed from cache sites by the 
experimenter to eliminate the possibility of sensory or olfactory cues in Recovery 2 (R2).  
Recovery 2 (R2). Recovery 2 served as a second retention test for cache site 
memory.  Twenty-four hours after R1 and following 3-5 hours of food deprivation, the 
bird re-entered the aviary. No previously cached seeds or any other food was available. 
All cache sites were empty and the bird’s searching behaviour was recorded for 20 min.   
Measures & Statistics 
R1 Measures. Birds searched in R1 until they had recovered half of their caches.  
Two measures of cache site memory were used, accuracy and the number of searches. 
The number of cache sites a bird made during the Storage phase was defined as n.  To 
standardize for variation in the number of seeds cached in the Storage phase, accuracy 
was defined as the number of cache sites visited in the first n/2 visits, divided by n. 
Number of searches was defined as the number of searches a subject took to retrieve half 
of its caches, divided by n.  Both measures were analyzed with ANOVA for treatment 
(ANI X Control).  All statistical tests were done with SPSS-statistical package version 
17.0; SPSS Inc; ! < .05 was accepted as statistically significant.   
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R2 Measures. The same measures of accuracy and number of searches used in R1 
were used in R2, except accuracy was divided by n/2. As with R1 data, ANOVA was used 
to compare accuracy and number of searches between ANI-injected and control birds.  A 
further analysis was performed on the R2 data to compare search at empty caches (sites 
where the bird had collected its stored food in R1) and full caches (sites the bird left intact 
in R1).  Mean number of searches in PS and R2 were calculated as the total number of 
visits to cache sites divided by the total number of cache sites. Two-way repeated 
measures ANOVA for Treatment (ANI vs. Control), Trial Phase (PS vs. R2) and Cache 
Type (Empty vs. Full) was carried out on these data. This test was performed to detect 
differences during R2 in search at caches that were emptied during R1 and caches that 
were left full.   The comparison between PS and R2 provides an estimate of how 
frequently birds return to cache sites, compared to how likely they were to visit these 
sites in PS before any food had been stored.  PS data provide an estimate of how 
frequently a bird visited a particular site by chance or as a result of biases to visit 
particular trees, branches, or sites.  Tukey’s HSD post hoc tests were used for further 
comparison of group means. 
Results 
ANI 0 and 2 Hours Following Storage 
Birds given ANI were significantly less accurate in R1 than control birds, F (1, 8) 
= 27.84, p = .001, and required significantly more searches to recover half of their 
caches, F(1, 8) = 7.30, p = .027 (Figure 2.2). 
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Figure 2.2. Birds treated with ANI at 0 and 2 h were less accurate and required greater 
number of searches in order to retrieve half of their seeds than controls. Upper: Accuracy 
of memory for cache sites in Recovery 1.  Lower: Mean number of searches to retrieve 
seeds from half of the cache sites in Recovery 1. * Indicates a significant difference 
between groups at p < .05. Error bars equal ± 1 SEM. 
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Figure 2.3. Birds treated with ANI at 0 and 2 h were less accurate than controls, but the 
mean number of searches did not differ between ANI and control groups suggesting 
group differences were not due to non-specific impairments caused by ANI. Upper: 
Accuracy of memory for cache sites in Recovery 2.  Lower: Mean number of searches in 
Recovery 2. ** Indicates a significant difference between groups at p < .01. Error bars 
equal ± 1 SEM.  
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Similarly in R2 control birds remained more accurate than ANI birds, F(1, 8) = 
27.84, p = .001 (Figure 2.3). However, in R2 the number of searches did not differ 
significantly between ANI and control groups, F(1,8) = .68, ns (Figure 2.3).   
Two-way repeated measures ANOVA of the number of searches during Pre-Storage and 
R2 at sites that were empty or full in R2 showed a significant effect of Trial Phase  F(1, 8) 
= 105. 56, p < .001.  As can be seen in Figure 4, birds always searched a great deal more 
at cache sites in R2 than they had at these same sites in PS.  There was also a significant 
3-way interaction of Treatment X Trial Phase X Cache Type F(1, 8) = 9.35, p = .01.  
Tukey’s HSD post-hoc comparisons showed, however, that birds given ANI and controls 
revisited both emptied cache sites and full caches more in R2 than in PS (ANI Empty 
caches q(8, 8) = 8.05, p < .01;  ANI Full caches q(8, 8) = 6.56, p < .05; Control Empty 
caches q(8, 8) = 7.91, p < . 01; Control Full caches q(8, 8) = 10.69, p < .01) (Figure 2.4). 
However, control birds visited Full caches more than Empty caches in R2, q(8, 8) = 5.68, 
p < .05, while ANI birds did not, q(8, 8) = 3.36, ns (Figure 2.4).  
ANI 4 and 6 Hours Following Storage 
For birds given ANI 4 and 6 hours following storage, results were very similar. 
Birds given ANI were significantly less accurate in R1 than control birds F(1,8) = 5.76, p 
= .04 and required more searches to retrieve half of their caches F(1,8) = 14.02, p < .01 
(Figure 2.5). 
In R2, ANI and control birds did not differ in accuracy F(1,8) = .021, ns or the 
number of searches F(1, 8) = 2.65, ns (Figure 2.6). 
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Figure 2.4. Birds treated with ANI at 0 and 2 h failed to search more at full caches than 
empty caches in Recovery 2 suggesting that ANI birds never consolidated information 
after Storage. A difference between behaviour in Pre-Search (PS) and Recovery 2 (R2) 
indicates a tendency to remember and return to cache sites. Upper:  Control birds.  
Lower: Birds given ANI. * Indicates a significant difference at p < .05. Error bars equal ± 
1 SEM. 
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Figure 2.5. Birds treated with ANI at 4 and 6 h were less accurate and required greater 
number of searches in order to retrieve half of their seeds than controls.  Upper: Accuracy 
of memory for cache sites in Recovery 1.  Lower: Mean number of searches to retrieve 
seeds from half of the cache sites in Recovery 1. * Indicates a significant difference 
between groups at p < .05. ** Indicates a significant difference between groups at p < 
.01. Error bars equal ± 1 SEM. 
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Figure 2.6. Birds treated with ANI at 4 and 6 h were less accurate than controls, but the 
mean number of searches did not differ between ANI and control groups suggesting 
group differences were not due to non-specific impairments caused by ANI. Upper: 
Accuracy of memory for cache sites in Recovery 2.  Lower:  Mean number of searches in 
Recovery 2. Error bars equal ± 1 SEM. 
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Two-way repeated measures ANOVA of the number of searches at empty and full 
caches, likewise, showed that ANI and control birds revisited both Empty and Full sites 
significantly more often in R2 than in PS.  The main effect of Trial Phase was significant 
F(1, 8) = 93.85 p < .001, as was the three-way interaction of Treatment X Trial Phase X 
Cache Type F(1, 8) = 5.73, p = .04.  Tukey’s HSD post-hoc comparisons showed that 
ANI and control birds searched more in R2 than in PS at both Empty and Full caches 
(ANI Empty q(8, 8) = 11.64, p < .01; ANI Full q(8, 8) = 10.08, p < .01; Controls Empty 
q(8, 8) = 10.54, p  < .01; Controls Full, q(8, 8) = 13.84, p < .01; Figure 2.7). Similar to 0-
2 hours post-storage, control birds visited Full caches more than Empty caches in R2, q(8, 
8) = 5.69, p < .05, while ANI birds did not, q(8, 8) = 4.11, ns (Figure 2.7).  
Comparisons of ANI Effects at 0-2 and 4-6 Post Storage 
Accuracy was compared for both 0 and 2 h and 4 and 6 h treatments by examining 
the effects of ANI at both 24 h (R1) and 48 h (R2) after Storage. Four separate repeated 
measure ANOVAs were conducted for each drug at both 0-2 and 4-6 hrs with time (R1 
vs. R2) as the within subjects factor. At 0-2 h accuracy levels for both ANI and control 
birds remained stable over R1 and R2 time points (Figure 2.8). However, at 4-6 h control 
birds’ accuracy significantly decreased from R1 to R2, F(1, 4) = 32.67, p = .01, while the 
ANI birds’ accuracy remained stable after 48 h (Figure 2.8). 
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Figure 2.7. Birds treated with ANI at 4 and 6 h failed to search more at full caches than 
empty caches in Recovery 2 suggesting that ANI birds never consolidated information 
after Storage. A difference between behaviour in Pre-Search (PS) and Recovery 2 (R2) 
indicates a tendency to remember and return to cache sites. Upper:  Control birds.  
Lower: Birds given ANI. * Indicates a significant difference at p < .05. Error bars equal ± 
1 SEM. 
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Figure 2.8. At 0 and 2 h both control and ANI treated birds’ accuracy remained stable 
from R1 to R2 (Upper). At 4 and 6 h accuracy of the controls dropped, while that of ANI 
birds remained stable from R1 to R2. * Indicates a significant difference between R1 and 
R2 at p < .05. Error bars equal ± 1 SEM. 
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Discussion 
 Birds were significantly less accurate and required more searches to retrieve seeds 
that they had cached 24 h previously when given ANI either 0 and 2 h or 4 and 6 h after 
caching.  At 48 h following caching, birds receiving ANI continued to show the same 
level of accuracy they displayed 24 h earlier as can be seen in Figure 2.8. The major 
difference observed between 24 and 48 h was that control performance declined to the 
level shown by ANI birds at 48 h when treatment was administered 4 and 6 h post-
storage (Figure 2.8).  
 The behaviour of both ANI and control birds was still above the level predicted 
from Pre-storage behaviour, however, as shown by significant differences between PS 
and R2 searches for both groups, whether injected 0 and 2 h following storage or 4 and 6 
h following storage (Figures 2.4 and 2.7).  Furthermore, their level of searching was 
above PS levels at both Empty and Full caches.  This behaviour by control birds is 
different from that previously described in (Sherry, 1984) and the behavior shown by 
control birds in Experiment 2 (below).  Figures 2.4 and 2.7 do give some indication of 
greater searching at full sites than empty sites during R2 by control birds, and no such 
difference for birds given ANI, but the difference between PS and R2 is clearly 
significant in all cases. 
 Amnesic treatments rarely block consolidation of memory completely.  Systemic 
injections with ANI inhibit 60 – 90 % of protein synthesis (Alberini, 2007; Flood et al., 
1973).There  is, thus, the possibility of partial encoding and some sparing of memory 
(Nader, Schafe, & Le Doux, 200).  Davis & Squire (1984) state that in order to block 
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memory consolidation protein synthesis inhibition of over 90% is necessary. Although 
the dose used in the current study (75 mg/kg) has been shown to impair memory 
consolidation in rats (Flood et al., 1973; Lattal & Abel, 2004) and to inhibit protein 
synthesis in the brain by more than 90% during the first two hours after administration, it 
is possible that in the current study the protein synthesis was only partially inhibited.  
Some memory impairment, however, seems the likeliest cause of the difference observed 
between ANI-treated and control birds in their search behaviour in R1.  
Experiment 2: Reconsolidation 
 The theory of reconsolidation supposes that long term memory becomes labile 
and subject to modification at retrieval.  For information to persist in long term memory it 
must be reconsolidated following retrieval in a process that, like initial consolidation, is 
protein-synthesis dependent.  When chickadees search for cache sites, they retrieve 
information from memory about spatial location and other properties of caches (Feeney, 
Roberts, & Sherry, 2009, 2011).  If information about recent cache sites is retrieved as a 
batch, then memory for sites that are not actually harvested as this time may need to be 
reconsolidated into long-term memory.  Experiment 1 showed that birds could relocate in 
R2 those caches that were left full following R1. Inhibition of protein synthesis following 
R1 should therefore impair memory for caches that the bird left full if memory for such 
caches does indeed require reconsolidation. 
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Methods 
Subjects 
 Adult black-capped chickadees (n  = 10, weight 10-13g) were captured near the 
Western University campus and housed, maintained, and tested as in Experiment 1. These 
birds had not participated in Experiment 1.  Subjects were randomly assigned to ANI and 
vehicle control groups, (n = 5/group).  
Drug Administration  
 Subjects were administered either ANI from Streptomyces griseolus, or the 10% 
!-cyclodextrin injection vehicle as in Experiment 1.  Two injections were given in the 
pectoralis muscle, the first immediately after Recovery 1 (see below) and the second two 
hours later.  
Procedure 
Each trial consisted of 4 phases (Pre-Storage, Storage, Recovery 1 and Recovery 
2) as in Experiment 1 (Figure 2.1 lower). Each chickadee completed 3-5 trials. 
Immediately after the bird returned to its home cage following Recovery 1, it was 
administered a 0.075mg/g dose of either ANI or 10% !-cyclodextrin/PBS. Half of the 
injection was given in the left pectoralis muscle and half in the right pectoralis muscle. 
The same injection protocol was repeated two hours later.  Twenty-four hours after the 
second injection and following 3-5 hours of food deprivation, the bird re-entered the 
aviary. No previously cached seeds or any other seeds were available. All cache sites 
were open and the bird’s searching behaviour was recorded for 20 min. Behaviour during 
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R2 was compared to behavior in PS to assess memory for cache sites.  Data were 
analyzed as in Experiment 1. 
Results 
Figure 2.9 shows the mean number of searches during R2 for experimental and 
control birds.  ANI had no significant effect on the number of searches in R2, F(1, 8) = 
2.11, ns, indicating that search effort was not affected by drug injection. 
 Figure 2.10 compares search during PS and R2 for the two treatment conditions 
and two cache types.   ANOVA revealed a significant main effect for Cache Type, F(1, 
8) = 35. 39, p < .01, showing there were more visits to Full than to Empty caches, and a 
significant 3-way interaction of Treatment X Trial Phase X Cache Type F(1, 8) = 12.24, 
p = .01.   Tukey’s HSD post hoc tests showed that control birds visited Full sites 
significantly more in R2 than in PS q(8, 8) = 11.72, p < .01 but did not visit Empty sites 
more in R2 than in PS.  This indicates that control birds distinguished Full from Empty 
cache sites. 
Birds given ANI, however, visited both Full and Empty sites more in R2 than in 
PS: Empty caches q(8, 8) = 9.02, p < .01; Full caches q(8, 8) = 6.49, p < .01.  Unlike 
control birds, ANI subjects did not treat Full and Empty sites differently. In addition, 
similar to Experiment 1, control birds made more visits to Full than Empty cache sites at 
R2, q(8, 8) = 7.01, p < .05, while ANI birds did not, q(8, 8) = 2.68, ns (Figure 2.10). 
Discussion 
The reconsolidation hypothesis predicts that if memory for all cache sites was 
reactivated, ANI administered following retrieval in R1 would disrupt reconsolidation and  
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Figure 2.9. The mean number of searches in Recovery 2 by birds given ANI and birds 
given the vehicle control did not differ suggesting that the observed differences in 
memory between groups was not caused by non-specific effects of ANI.  Error bars equal 
± 1 SEM.  
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Figure 2.10. Birds treated with ANI at 0 and 2 h after Recovery 1 failed to search more at 
full caches than empty caches in Recovery 2 suggesting birds we not able to update 
information from Recovery 1. A difference between behaviour in Pre-Search (PS) and 
Recovery 2 (R2) indicates a tendency to remember and return to cache sites. Upper:  
Control birds.  Lower: Birds given ANI. * Indicates a significant difference at p < .05. 
Error bars equal ± 1 SEM. 
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subsequent memories for intact cache sites in R2 should therefore be impaired. The data 
show that contrary to this hypothesis, chickadees given ANI remembered the locations of 
intact caches. Unlike control birds, however, they failed to distinguish between empty 
and full cache sites, returning to empty caches in the much the same way as full caches. 
This suggests that while the inhibition of protein synthesis does not affect the recall of all 
cache locations, it does interfere with memory for which caches were emptied in R1.  
Previous studies have induced memory impairments with protein synthesis 
inhibitors immediately following reactivation of memory in avoidance tasks, contextual 
fear conditioning, and object recognition (Debiec, LeDoux, & Nader, 2002; Nader et al., 
2000; Taubenfeld, Milekic, Monti, & Alberini, 2001). These results suggest that new 
protein synthesis is required for the reconsolidation of memories. Reconsolidation is less 
reliably observed, however, than consolidation (Dudai, 2004).  The results of the present 
experiment did not support the basic prediction of the reconsolidation hypothesis. Our 
findings resemble previous results, which did not detect a labile phase of the original 
memory caused by retrieval. Berman and Dudai (2001) micro-infused ANI into the 
insular cortex in a conditioned taste aversion extinction protocol, both immediately 
before and after reactivation, and found extinction blocked but the original memory trace 
unaffected. Vianna et al. (2001) also found that protein synthesis inhibition immediately 
after reactivation in an inhibitory avoidance task blocked extinction but spared the 
original memory trace. Other studies have observed a reversal in the memory deficits 
with the passage of time and with the occurrence of a reminder cue: a memory trace that 
appeared to be gone could be recovered and reactivated.  Such results cannot be due to 
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elimination of the original memory trace but rather an alteration in some other aspect of 
memory (Lattal & Abel, 2004). The current findings resemble those of Lattal and Abel 
(2004) in that modification of memory, that is, extinction, could be disrupted by post-
retrieval manipulations without destroying the original memory trace. Chickadees given 
ANI displayed memory for both empty and full caches in R2 indicating that original 
memory traces established during the Storage phase remained intact. Memory established 
during R1, namely that some caches were now empty, was compromised by ANI. 
Updating cache site status as empty may be a new memory trace altogether and for that 
reason was disrupted by inhibition of protein synthesis.  
Dudai’s (2004) ‘weak’ version of reconsolidation may provide an account for the 
current findings. This version supposes that upon reactivation of the original memory 
trace only the updated, new parts of the modified trace undergo consolidation. This 
suggests consolidation of a new trace rather than a true reconsolidation of the original 
trace is what is impaired by inhibition of protein synthesis.  This could account for the 
observation that birds in the ANI group, unlike controls, could not distinguish between 
empty and full caches (the updated memory) but remembered actual cache locations (the 
original memory trace).  
General Discussion 
The present study examined the consolidation and reconsolidation of memory in a 
paradigm in which these processes have not previously been investigated. The results 
showed that systemic treatment with ANI following learning of new spatial locations led 
to less accurate memory, compared to controls, 24 h but not 48 h later.  Memory for 
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spatial locations was more accurate than expected by chance, however, at both time 
points.  There was little evidence for the reconsolidation of memory for spatial locations 
following reactivation of memory. Indeed, the failure of birds to avoid cache sites they 
had themselves emptied is strong evidence against a reconsolidation process. Rather than 
disrupting reconsolidation, the effect of ANI was to disrupt the incorporation of new 
information about cache sites, namely that some had been emptied by the bird and 
contained no food.  
The results support the idea that protein synthesis is a component of memory 
formation in birds as shown by the reduced accuracy of birds in Experiment 1 and their 
inability to distinguish empty from and full caches in Experiment 2. These findings are 
consistent with studies of spatial memory in rodents using the Morris water maze. ANI 
given just prior to training - by cannulation into the CA1 region of the hippocampus - 
produced a dose-dependent increase in latency to locate the platform (Naghdi, Majlessi, 
& Bozorgmehr, 2003). The results of the present study also show that protein synthesis 
inhibition immediately following learning and 4 and 6 h later are equally effective at 
reducing accuracy of memory for spatial locations.   
The processes of consolidation and reconsolidation have both theoretical and 
practical implications. A better understanding of these mechanisms may aid in the 
treatment of amnesia, addiction, obsession, phobia, and posttraumatic stress disorder 
(Dudai & Eisenberg, 2004), as well as elucidating the fundamental mechanisms of 
memory formation. 
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Abstract 
Following damage to the hippocampus, a temporally graded retrograde amnesia occurs 
affecting recent memories more than remote memories. The standard model of systems 
consolidation proposes that this occurs because the hippocampus has a time-limited role 
in the formation of memory. Memory is initially encoded in both hippocampal and 
neocortical sites and repeated retrieval of hippocampal memories strengthens neocortical 
traces such that the neocortical sites are eventually sufficient for retrieval without 
hippocampal involvement. Black-capped chickadees (Poecile atricapillus) can accurately 
relocate food caches and other food sources. In this experiment, birds learned to find food 
in multiple sites in a large indoor aviary. Disruption of connections between the 
hippocampus and hyperpallium – the avian homologue of the neocortex - at 1 day, but 
not 14 or 28 days after learning these sites impaired the ability of the chickadee to 
relocated learned food cache locations compared to unoperated, sham and hyperpallium-
lesioned controls. Recent memories (1 day) were adversely affected, whereas more 
remote spatial memories (14 and 28 days) were relatively spared, indicating that memory 
for spatial locations undergoes system consolidation outside the hippocampus..   
 
Keywords: memory, systems consolidation, hippocampus, hippocampal lesion, food 
storing, Black-capped chickadee 
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Systems Consolidation in the Black-capped Chickadee 
 Clinical studies in humans have highlighted temporally graded retrograde amnesia 
(TGRA) resulting from damage to certain brain structures. In particular, hippocampal 
damage impairs recent memories, in comparison to the relative sparing of more remote 
memories (Ribot, 1982; Scoville & Miller, 1958). Such findings motivated researchers to 
propose that the hippocampus (Hp) plays a time-varying role in the formation of memory 
such that the passage of time leads to reorganization of the memory trace. Reorganization 
leads to the anatomical redistribution of a memory trace from the hippocampus to 
neocortical sites, the presumed repository for long-term memories (LTM). A 
hippocampus-dependent memory thus becomes hippocampus-independent over time and 
can persist despite hippocampal damage (Squire & Alvarez, 1995). This phenomenon, 
termed systems consolidation, has been extensively studied in both clinical studies and 
animal models. The Standard Model of Systems Consolidation (SMC) is based on this 
idea that all hippocampus-dependent memories undergo reorganization and become 
hippocampus-independent over time.  
 Some studies, however, find no TGRA but instead an ungradedv retrograde 
amnesia (RA). The ungraded RA can extend for weeks, months and even years 
depending on the species and test of memory employed. Most reports of ungraded RA 
involve tasks in which the hippocampus is essential for learning such as the Morris Water 
Maze (MWM) or the radial maze (Nadel & Moscovitch, 1997; Sutherland & Lehmann, 
2011). Findings of this nature challenged the SMC and led to alternate views. Nadel and 
Moscovitch (1997) proposed the Multiple Trace Theory (MTT) to account for this 
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inconsistency in the occurrence of TGRA. MTT proposes that reorganization of a 
memory trace depends on the type of memory being consolidated. Episodic memory (e.g. 
memory for a recently-visited spatial location), regardless of age or extent of training, is 
always dependent on the hippocampal complex for both retrieval and activation. On the 
other hand, memories semantic in nature, such as general facts, are subject to 
reorganization as described by the SMC and can be retrieved without recourse to the Hp. 
In addition, MTT proposed that with each retrieval of a hippocampal memory, a new 
trace was created. In this way, more remote memories would come to have more traces, 
and thus require more extensive neural damage to completely disrupt a memory. Remote 
memories would be more likely to survive partial hippocampal lesions.  
There are instances in which remote spatial memory is preserved following 
hippocampal lesions and partial lesions impair remote memories, results that the MTT 
does not explain (Winocur, Moscovitch, Fogel, Rosembaum & Sekeres, 2005;!Lehman, 
Lacanilao & Sutherland, 2007). Winocur and Moscovitch (2011) proposed another 
account of systems consolidation, the Transformation Hypothesis (TH), which further 
refines the MTT. According to the SMC anatomical reorganization of memory does not 
alter the properties of the memory. In fact, SMC suggests memory in neocortical sites is 
an exact replica of the original memory contained in the Hp. Conversely MTT suggests 
that with each retrieval from the Hp, a new trace element is added, thus strengthening and 
reinforcing the original memory. Consequently, multiple traces generate abstractions 
from the original episodic memory allowing for a more gist-like, semantic representation 
of the memory to be stored neocortically. TH goes further to suggest that for all episodic 
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memories that undergo such a transformation, contextual detail is lost and the result is a 
less detailed schematic representation that emerges in neocortical sites. This semanticized 
version of an episodic memory does not erase the detailed original. Rather the two forms 
co-exist and can be accessed independently of one another (Winocur and Moscovitch, 
2011). 
 The current study examines systems consolidation for the first time in an avian 
species and with an ecologically relevant paradigm. I tested whether spatial memory for 
food sites undergoes systems consolidation in the Black-capped chickadee (Poecile 
atricapillus).  
Black-capped chickadees store food in the wild and in captivity (Sherry, 1984). 
Storage sites are usually partially concealed locations, such as hollow stems, small 
crevices in bark, and dry leaves.  Chickadees may cache up to several hundred food items 
a day in sites scattered throughout a bird’s territory.  Chickadees recover these caches 
with remarkable accuracy using hippocampus-dependent spatial memory (Sherry & 
Hoshooley, 2007; Sherry & Vaccarino, 1989). In addition to relocating their own caches, 
chickadees can learn the spatial locations of repeatedly baited sites and relocate them 
accurately (Sherry & Vaccarino, 1989). Chickadees have been shown in captivity to be 
able to accurately relocate cache sites for up to 28 days (Hitchcock & Sherry, 1990). This 
ability to retain spatial locations for up to 28 days is important because the majority of 
previous studies show that the typical extent of the RA gradient was roughly 30 days 
(Squire, Clark & Bayley, 2005).   
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Hippocampal aspirations impair cache retrieval (Sherry & Vaccarino, 1989). Sherry 
and Vaccarino (1989) did not, however, perform aspirations at intervals long enough to 
permit memory reorganization. Imaging studies in rats showed reorganization of 
underlying brain circuitry over time in a spatial discrimination task (Bontempi, Laurent-
Demir, Destrade & Jaffard, 1999). Hippocampal activation was prominent during 
retrieval of recent memory (1 day), but significantly diminished for retrieval of remote 
memory (25 days). Concurrently, as activation in hippocampal regions subsided, cortical 
regions were recruited. Findings of this nature have been corroborated in other spatial 
tasks as well (Kubie, Sutherland & Muller, 1999; Maviel, Durkin, Menzaghi & 
Bontempi, 2004; Winocur, Moscovitch, Fogel, Rosenbaum & Sekeres, 2005). Unlike the 
mammalian brain, the avian brain does not possess a cortex, the presumed repository for 
LTM, but there is a consensus that the hyperpallium accessorium (Ha - formerly 
hyperstriatum accessorium) is a homologous structure in the avian brain (Jarvis et al., 
2005). Thus it is predicted that if spatial memories are indeed reorganized Ha would be a 
promising candidate for the site of LTM. In addition, Szekely and Krebs (1996) showed 
that there is connectivity between Hp and Ha, supporting potential transfer of information 
between Hp and Ha.  
The current study was designed to disrupt the transfer of information from Hp to 
Ha. The prediction was that if trained birds received bilateral aspirations partially 
disconnecting Hp and Ha connections at 1, 14 or 28 days following training they would 
exhibit a pattern of temporally graded retrograde amnesia as predicted by SMC, 
compared to control birds. Hp
+
 aspirations 1 day post-training were expected to impair 
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spatial memory, whereas aspirations 28 days post-training would leave spatial memory 
intact. Aspirations placed 14 days after training would help determine how long it takes 
for LTM to become hippocampus-independent.  
Methods 
Subjects 
Black-capped chickadees (N = 45 adult, sex unknown; weight 10-13g) were 
captured in the wild in Medway Creek Forest near the University of Western Ontario and 
held in captivity under a Canadian Wildlife Service Scientific Capture permit. All 
animals were handled and tested according to Canadian Council on Animal Care 
guidelines and Western University animal care protocols.  
Birds were individually housed in wire mesh (25 cm x 25 cm x 38 cm) cages on a 
14:10 h light/dark cycle (onset 0700h). Birds were maintained on an ad lib diet of Mazuri 
Small Bird Diet (PMI Nutrition International LLC, Brentwood, MO, USA) and sunflower 
seeds ground to a fine powder to prevent food caching in the home cage.  Water was 
available ad lib.  
Apparatus 
Home cages were each equipped with a small door (28 cm x 38 cm) that when 
opened allowed entry into an indoor aviary containing four artificial trees. Trees 
consisted of cut branches approximately 2 m in length held upright in plastic stands. Each 
tree had a single main trunk with several smaller branches of varying size projecting from 
it. Each tree contained eight small holes randomly located on the tree for a total of 32 
sites, each 1 cm deep and 0.5 cm in diameter. For holes sites with no natural perch 
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nearby, a dowel perch, 0.5 cm in diameter was positioned on the branch below the hole. 
These sites could be plugged by inserting a small piece of yarn that was attached to the 
tree branch next to each site.  The yarn prevented birds from seeing into the hole without 
removing the yarn and provided an objective measure of whether a site had been 
inspected by a bird.  The location and orientation of the trees were held constant for all 
groups and birds to ensure the spatial arrangement of sites from trial to trial was the same 
for all birds.  
Procedure 
 All birds were food deprived 2-4 h before entering the room to motivate them to 
search for food.  
Habituation. All birds were given habituation and training trials. On the first 
habituation trial all holes were baited with a sunflower chip (sieved through 3 mm x 3 
mm mesh), and plugged with a piece of knotted yarn. Each bird received one ten-minute 
trial each day to find the seeds. On the following days of habituation the holes that had 
not been previously visited were baited and plugged while the previously visited holes 
remained empty and unplugged. This regime continued daily until a seed had been 
extracted from each hole. The habituation phase minimized any bias birds had towards 
particular cache site locations.  
Training. After the habituation phase was completed the birds began a training 
phase. On the first day of the training phase (Exploration Day) 13 holes were randomly 
selected, baited and plugged. The remaining empty holes were then plugged. The bird 
entered the aviary and was given as much time as it needed to search and retrieve seeds 
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from seven of the thirteen baited holes. After the seventh hole was visited the trial ended, 
the aviary lights were turned off, and the bird was immediately sent back to its home 
cage. After the Exploration Day, the Training Phase commenced. On training trials, the 
seven holes previously visited on the Exploration Day were baited and plugged. These 
seven cache site locations became the target locations for the bird. These seven spatial 
locations were the only sites rewarded with food on all training trials. The remaining 
unbaited holes were also plugged. The bird was given five minutes to retrieve seeds from 
the seven baited holes. The birds always received the full five minutes unless all seeds 
had been found before the five minutes elapsed, at which time the trial ended. Search 
trials were repeated three times per day for each bird. Training continued until a bird met 
criterion. Chance values were calculated using the hypergeometric distribution. The 
hypergeometric distribution is a discrete probability distribution that describes the 
probability of x successful searches from the seven correct cache sites, from the total 
population of 32 caches sites without replacement. Birds were trained until they could 
successfully locate five or more seeds in the first seven attempts for five successive days. 
On average, each bird completed 15 days of training for a total of 45 trials.  
After the training phase was complete birds were randomly assigned to either an 
experimental or control group. There were three experimental groups that differed in the 
amount of time between learning the location of food sites to criterion and surgery to 
disrupt connections between the Hp and Ha.  The three intervals between training and 
surgery were: 1 day (n = 7), 14 days (n = 7) and 28 days (n = 7) (see Figure 3.1). Birds in 
the unoperated control groups (UC) experienced one of the three memory-delay intervals 
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but did not receive any surgical treatment [1 day (n = 5), 14 days (n = 6) and 28 days (n = 
6)].  
Two additional control groups were also observed.  Sham birds (n = 5) received 
an incision on the scalp and the skull was marked using a 25-ga syringe over the location 
of the hippocampus. Sham birds experienced the 28 day training-surgery interval. Ha
+
 
controls (n = 4) received bilateral Ha aspirations at the 1-day interval in a location rostral 
and lateral to the site of the aspirations performed on the Hp
+ 
birds. Ha
+
 birds experienced 
the 1 day training-surgery interval. 
Measures of Behaviour 
The observer watched all trials live from behind a one-way mirror and recorded 
all searching behaviour in Noldus Observer XT. A search was defined as a removing the 
yarn from a hole followed by visual inspection or probing with the bill. Performance 
accuracy was measured as the number of reward sites located in the first seven search 
attempts. Pre-surgery values of accuracy before the 1, 14 or 28 day interval were obtained 
by taking the mean of accuracy measures on the last day of training (i.e. scores from the 
last three trials). Post-surgery values of accuracy after 1, 14 or 28 days were obtained by 
taking the mean of the first three trials after the interval. Statistical comparisons were 
performed on these 3-trial means. 
Surgery  
All birds were anesthetized with 2% isoflurane inhalant (Forane; Baxter, 
Mississauga, ON) at a volume of 2L O2/min and placed in a modified stereotaxic  
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Figure 3.1. Experimental procedure: all birds were trained to recover seeds from 
predetermined spatial locations. Birds were then assigned to bilateral hippocampal-
hyperpallium accessorium aspiration (Hp
+
) groups and unoperated control (UC) groups. 
Within each of these groups, birds were further randomly assigned to a training-surgery 
interval either 1-day (upper), 14-days (middle) or 28-days (lower).  
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instrument. Aspiration sites were marked on the skull surface using a 25-ga syringe. A 
Dremel drill mounted on the stereotaxic frame with a .3 mm bit was then used to remove 
bilaterally remove a small area of skull overlying either the Hp
+
 or Ha
+
 aspiration sites. A 
25-ga syringe connected to a vacuum pump (Sherry & Vaccarino, 1989) was then 
lowered through the Dremel holes to perform bilateral aspirations. A small piece of 
dissolvable sponge foam was inserted into the holes in the skull and the incision was 
sealed with 3M Vetbond tissue adhesive. Surgeries were performed on 2 birds before the 
procedures described above to ensure accurate placement of aspirations. For the Hp
+ 
groups, bilateral aspiration sites were located 1 mm rostral to the junction of the sagittal 
and lambdoid sutures and 2-3 mm lateral to the sagittal suture. For birds in the Ha
+ 
group, 
aspirations were placed 3-4 mm rostral to the junction of the sagittal and lambdoid 
sutures and 2-3 mm lateral to the sagittal suture. Following a 3-day postoperative 
recovery period, all birds performed three more trials to assess memory for the locations 
of previously learned food sites. All operated birds completed post-surgical probe.  
Histology 
Birds were sacrificed to verify the size and location of lesions. At the time of 
sacrifice birds were anesthetized with an overdose of isoflurane inhalant and then 
decapitated. Brains were removed, dried, and frozen on crushed dry ice. They were then 
stored at -80°C until further processing.  
Brains were sectioned in the coronal plane at 25- µm thickness on a cryostat. 
Once the aspiration sites were reached, as identified by inspection of the whole brain, 
every fifth section was collected until the aspiration site had been passed. Tissue sections 
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were directly mounted on Superfrost Plus microscope slides (VWR), dried and then 
placed in 4% paraformaldehyde for ten minutes. The mounted tissue was then Nissl 
stained with thionine, serially dehydrated, cleared and cover-slopped with Permount 
(Fisher).  
The location and size of the aspirations were determined by tracing enlarged 
coronal sections on a Leica DFC350 FX microscope (Leica Microsystems Ltd., 
Heerbrugg, Germany) using 5x and 125x magnification. An UC bird was sacrificed using 
the same procedure and sections were taken every five slices throughout the entire brain 
to provide a template for reconstruction of lesion sites. Estimates of the volume of 
aspirations were done from serial sections using the formula for a truncated cone. 
Statistical Analysis 
In order to examine the effects of time interval and lesion on memory a two-way 
repeated measures ANOVA was employed. Interval (1, 14 and 28 days) and Lesion Type 
(UC vs. Hp
+
) were analyzed as a between-subject factor, with Time (Pre-surgery vs. Post-
surgery) as the within-subjects factors. All calculations were done with SPSS-statistical 
package (version 17.0; SPSS Inc.). An alpha value (!) < .05 was accepted as statistical 
significance. A significant interaction would indicate that the difference between the Pre 
and Post time points was affected by the type of aspiration in interaction with a 1, 14 or 
28-day interval. In the case of a significant interaction Tukey’s HSD post hoc tests were 
conducted.  
Four one-way repeated measures ANOVAs were conducted to compare the UC 
and Hp
+
 groups to the Ha
+
 and Sham groups to at the 1 and 28 day intervals, respectively. 
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In the case of a significant interaction Tukey’s HSD post hoc tests were conducted to 
make further comparisons. 
Results 
Histological Findings 
 Figure 3.2 illustrates the extent of the largest and smallest lesions in each group. 
Hp
+
 aspirations damaged 5.1% ± .5% (SE) of the Hp at the extreme lateral boundary of 
the Hp and interrupted connections between the Hp and Ha at about the mid-point of the 
rostro-caudal extent of the hippocampus. Some lesions also extended laterally and 
ventrally into Ha and Hd. Ha
+
 aspirations comprised 3.3% ± .3% (SE) of the Ha.  
Systems Consolidation Findings 
A two-way repeated measures ANOVA revealed a significant 3-way interaction 
between Interval X Lesion X Time F(2, 29) = 4.17, p = .03. In addition, there was a 
significant interaction of Lesion X Time F(1, 29) = 4.08, p = .05 as well as a significant 
main effect of Time F(1, 29) 36.69 p < .001. 
To determine where the differences lay the three-way interaction was decomposed 
and one-way repeated measure ANOVAs were performed isolating Interval (1, 14 and 28 
days) and comparing Lesion X Time.  
UC vs. Hp
+
. At the 1 day interval there was a significant interaction of Lesion X 
Time F(1, 10) = 25.31, p = .001. Tukey’s HSD post hoc tests showed no significant 
difference in accuracy between UC and Hp
+
 birds prior to treatment, q(4, 10) = 1.28, ns, 
but UC birds were significantly more accurate than Hp
+ 
 following surgery q(4, 10) =  
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Figure 3.2. 
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Figure 3.2. A rostral-caudal reconstruction of aspirations severing connections between 
the hippocampus and hyperpallium accessorium (left) and lesions of the hyperpallium 
accessorium alone (right). Black: aspirations common to all subjects; gray: maximal 
extent of aspiration across all subjects. AHP = area parahippocampus; Cb = cerebellum; 
CoA – anterior commissure; CP = posterior commissure; FA = tractus fronto-
archistriatalis; GCT = substratia grisea centralis; Ha = hyperpallium accessorium; Hp = 
hippocampus; HV = hyperpallium ventrale; LAD = lamina archistrialtalis; LFS = lamina 
frontalis superior; LH = lamina hyperstriatica; LMD = lamina medullaris; NC = 
neostriatum caudale; PA = paleostriatum augmentatum; GF = tractus quintofrontalis; 
TRSM = tractus septomensencephalicus; V = ventricle.  Section interval = 1500 µm. 
Drawing adapted from Sherry and Vaccarino (1989). 
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11.39, p < .001. In addition, a significant main effect of Time was found, F(1, 10) = 
10.08, p = .01. On average, accuracy was greater Pre  (M = 6.20, SE = 0.16) than Post (M 
= 5.47, SE = 0.36). However, in light of the significant interaction described above post 
hoc comparisons were not carried out for this effect (Figure 3.3).  
At the 14 day interval there was no significant interaction of Lesion X Time, F(1, 
9) = .01, ns. There was, however, a main effect of Time F(1, 9) = 5.74, p = .04. Both UC 
and Hp+ birds were more accurate Pre (M = 6.45, SE = 0.26) than Post (M = 5.49, SE = 
0.36) (Figure 3.3) 
Similarly, at the 28 day interval there was no significant interaction between 
Lesion X Time F(1, 9) = .43, ns. There was a main effect of Time F(1, 9) = 31.52, p < 
.001.Both UC and Hp+ birds were more accurate at Pre (M = 6.50, SE = 0.18) than Post 
(M = 5.31, SE = 0.29) (Figure 3.3).  
 The total number of searches at both 1 day and 28 day intervals did not differ 
between UC and Hp+ birds either Pre or Post, F(1, 10) = 3.50, ns; F(1, 9) = .02, ns, 
respectively. The total number of searches did differ, however, between UC and Hp
+
 
birds at the 14 day interval, F(1, 9) = 21.63, p = .001. Hp
+
 birds searched more than UC 
birds at the Post surgery, q(4, 9) = 10.20, p < .01 (Figure 3.4). 
Ha
+
/Sham vs. UC. One-way repeated measures ANOVAs (Lesion X Time) were 
used to examine differences in performance in the Sham and Ha
+
 groups compared to the 
UC group. At the 1-day interval and UC and Ha
+
 birds did not differ significantly in 
accuracy, F(1. 7) = 3.10, ns.  
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Figure 3.3. 
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Figure 3.3. The effects on accuracy of bilateral aspirations severing hippocampal-
hyperpallium accessorium connectivity (Hp
+
) compared to the behaviour of unoperated 
controls (UC) both before (Pre) and after (Post) surgery. Upper: Accuracy at the 1-day 
interval. Middle: Accuracy at the 14-day interval Lower: Accuracy at the 28-day interval. 
* Indicates a significant difference between UC and Hp
+
 at p <. 05. Error bars equal ± 1 
SEM. 
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Figure 3.4. 
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Figure 3.4. Total number of searches performed by UC and Hp
+
 birds at 1 day (upper), 
14 days (middle) and 28 days (lower). ** Indicates a significant difference between UC 
and Hp
+
 at p <. 01. Error bars equal ± 1 SEM. 
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At the 28-day interval, for UC and Sham birds there was a significant interaction 
of Lesion X Time F(1, 9) = 8.62, p = .02.Tukey’s HSD post hoc tests, however, showed 
no significant differences between UC and Sham lesion groups Pre or Post , q(4, 9) = 
2.80, ns and q(4, 9) = 2.99, ns, respectively. There was also a significant main effect of 
Time F(1, 9) = 25.00, p = .001. Both UC and Sham
 
birds were more accurate during Post 
(M = 6.67, SE = 0.20) than Pre time points (M = 6.51, SE = 0.17)  (Figure 3.5).  
 For the total number of searches, there was a significant interaction of Lesion X 
Time at the 1 day interval, F(1, 7) = 19.45, p = .003. Ha
+
 birds searched more than UC 
birds Post surgery, q(4, 7) = 4.84, p < .05 (Figure 3.6). There was also a significant 
interaction of Lesion X Time at the 28-day interval, F(1, 9) = 5.78, p = .04. Sham birds 
searched less Post sham surgery than UC birds, q(4, 9) = 6.22, p < .01 (Figure 3.6). 
Ha
+
/Sham vs. Hp
+
. Differences in performance were also examined in the Ha
+
 
and Sham compared to the Hp
+
 group.  At the 1-day interval Ha
+
 and Hp
+
 birds differed 
significantly in performance, F(1, 9) = 6.35, p = .03. Tukey’s HSD post hoc test showed 
that although Ha
+
 and Hp
+
 did not differ at Pre, q(1, 9) = 2.07, ns, Ha
+
 birds were 
significantly more accurate than Hp
+
 birds at Post, q(1, 9) = 7.14, p < .01 (Figure 3.7). 
There was also a main effect of Time, F(1, 9) = 18.33, p = .002. Birds were more 
accurate at Pre (M = 6.24, SE = 0.14) than Post (M = 4.97, SE = 0.32) (Figure 3.7).  
At the 28-day interval there was a significant interaction of Lesion X Time   F(1, 
9) = 12.26, p = .01. Tukey’s HSD post hoc tests revealed that Sham birds were more 
accurate than Hp+ birds during Post, q(4, 9) = 6.27, p < .01. There was also a main effect 
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Figure 3.5. The accuracy of UC birds did not differ from either Ha+ or Sham lesioned 
birds. Upper: Accuracy at the 1-day interval Pre and Post surgery for UC and Ha
+
 birds. 
Lower: Accuracy at the 28-day interval (Pre and Post surgery) for UC and Sham birds. 
Error bars equal ± 1 SEM.  
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Figure 3.6. Total number of searches made by UC birds compared to both Ha
+
 and Sham 
birds at both Pre and Post surgery time points. Upper: Search frequency for UC and Ha
+
 
birds at 1 day. Lower: Total number of searches for UC and Sham
 
at 28 days. * Indicates 
a significant difference at p <. 05. ** Indicates a significant difference at p <. 01. Error 
bars equal ± 1 SEM.  
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Figure 3.7. Both Sham and Ha
+
 lesioned birds displayed greater accuracy than Hp
+
 
lesioned birds. Upper: Accuracy at the 1-day interval Pre and Post surgery for Ha
+ 
and 
Hp
+
 birds. Lower: Accuracy at the 28-day interval Pre and Post surgery for Sham and 
Hp
+
 birds. * Indicates a significant difference at p <. 05. Error bars equal ± 1 SEM. 
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Figure 3.8. Total number of searches made by Hp
+
 birds compared to both Ha
+
 and Sham 
birds at both Pre and Post surgery time points.  Upper: Search frequency for Ha
+ 
and Hp
+
 
birds at 1 day. Lower: Search frequency for Sham and
 
Hp
+ 
at 28 days. Error bars equal ± 
1 SEM. 
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of Time F(1, 9) = 10.20, p < .001. Birds were more accurate at Pre (M = 6.27, SE = 0.22) 
than Post (M = 5.36, SE = 0.28) (Figure 3.7).  
The total number of searches did not significantly differ between Ha
+
 and Hp
+
 
birds at 1 day, F(1, 9) = .01, ns, or Ha
-
 and Hp
+
 birds at 28 days, F(1, 8) = 2.00, ns 
(Figure 3.8).  
Discussion 
The standard model of system consolidation asserts that experiences are encoded 
in parallel in hippocampal and cortical networks. Repeated, coordinated reactivation of 
the hippocampal-cortical network strengthens these cortical traces to form a coherent 
memory that can be activated independent of the Hp. The current study was designed to 
disrupt communication between the Hp and Ha, a cortex-like homologue in the avian 
brain. Disrupting Hp-Ha interactions should permit hippocampal memories to form 
normally, but prevent consolidation in extrahippocampal regions.  
Birds that received bilateral aspirations at 1 day, but not 14 or 28 days 
demonstrated impaired spatial memory for hidden food items. Although the purpose of 
the aspiration was to disconnect the Hp from Ha, Hp damage (although minor) was 
present in all Hp
+
 groups. Previous studies have shown that even partial Hp damage can 
cause impairment in spatial tasks (Martin et al., 2005), therefore, the small percentage of 
Hp removed could have been sufficient to generate a mild impairment and account for the 
accuracy impairments at 1 day. It is important to note that although the accuracy was 
reduced compared to UC birds at 1 day it was still above chance.  
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Birds with Ha
+
 aspirations at 1 day did not differ from UC or Sham birds, but 
performed better than Hp
+
 birds. Therefore, the deficit observed in Hp
+
 birds could not 
have been a non-specific artifact of trauma or general tissue aspiration.  Instead, the 
anatomical location of aspiration was the cause of impairment. This is consistent with the 
idea that the Hp is required for retrieval and actualization of recent memories. In addition, 
the lack of memory impairment in Ha
+
 birds at 1 day suggests that Ha may be 
preferentially recruited for the remote memories only because its absence does not affect 
the recall of recent memories. This is similar to those of studies that targeted likely 
candidates for storage of LTM and disrupted them at both recent and remote time 
periods. Maviel and colleagues (2004) found that disrupting cortical regions at later time 
points differentially impaired remote, but not recent spatial memories.  
Remondes and Schuman (2004) severed connections between the hippocampus 
and cortical regions by lesioning the temporoammonic (TA) projection in rats. When 
tested one day later on the Morris water maze, spared learning and memory was observed 
(consistent with normal Hp functioning). When the same rats were tested 28 days later, 
however, spatial memory impairments emerged. Conversely, when TA lesions were 
made 21 days after training, remote memories were already formed and therefore 
unimpaired. These findings provide clear evidence of the importance of Hp-cortical 
interactions in the formation of remote memory.  
The present findings also show relatively unaffected Hp functioning at 1 day.  
Birds performed less well than controls but still above chance.  When Hp
+
 aspirations 
were performed at either 14 or 28 days post-training there was no evidence of memory 
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impairment. Such findings suggest reorganization of spatial memories. Findings of this 
nature are consistent with previous work suggesting that the requirement for ongoing 
cortical input is time limited (Remondes & Schuman, 2004). In addition, since Hp 
damage was present in all groups (1, 14 and 28 days) and the size of Hp aspiration was 
consistent across all groups it suggests that chickadees do not rely on the Hp as much, if 
at all, when retrieving information from remote memory. That is, if chickadees rely on 
Hp to the same extent for remote memories as they do for recent memories, the memory 
impairments exhibited at 1 day should have resurfaced at both 14 and 28 days.  
An alternative explanation, in accordance with MTT, would be that the memory is 
older at 14 and 28 days, thus more trace elements would have been established and the 
hippocampal memory would have been able to cope despite the partial aspiration 
performed. Birds had no opportunity to search for food during the 14 and 28 day intervals 
so it is not obvious how more traces could be established.  According to MTT retrieval of 
information from memory causes the formation of new traces.  Covert retrieval from 
memory, or rehearsal, however, might be possible. 
The present results also corroborate results from imagining studies of healthy 
animals. Bontempi et al. (1999) trained rats on a spatial discrimination task and used both 
2-deoxyglucose uptake and expression of activity related genes c-fos and Zi268 to 
visualize changes at both the regional and cellular level for recent and remote memories. 
Reactivation of recent memories recruited the hippocampus while remote memories 
reactivated cortical regions. The same pattern of results emerges in contextual fear 
conditioning (Frankland, Bontempi, Talkton, Kaczmarek & Silvia, 2004).  
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Previous work using spatial tasks to examine systems consolidation has not 
consistently reported the phenomenon of TGRA. Spatial tasks using the MWM 
predominately report impaired spatial memory regardless of age or extent of hippocampal 
damage (Bolhuis et al., 1994; Mumby et al., 1999; Clark et al., 2005a,b; Martin et al., 
2005; Broadbent et al., 2006) with relatively few instances of preserved remote spatial 
memory (Shimizu et al., 2000). TGRA is much more reliably observed, however, in 
spatial tasks that use radial arm mazes (Ramos, 1998; Kubie et al., 1999, Maviel et al., 
2004; but see Winocur et al, 2005b).  
Some authors postulate that an intact Hp is always required for the expression of 
spatial memory because it is responsible for continually updating the position of an 
animal during navigation (Knowlton & Fanselow, 1998). MWM is a more complex 
navigational task than the radial arm maze. It requires constant updating in space (the 
radial arm maze can be solved using simpler allocentric cues), and thus may require the 
Hp for performance at all times (Clark et al., 2007). This could explain the preponderance 
of flat ungraded RA observed in the MWM. It is important to note however, that the 
majority of previous studies report a flat ungraded RA using MWM also report extensive 
damage to Hp. The observed impairments may, therefore, have been the result of 
performance deficits as opposed to memory deficits. Observed impairments may not have 
reflected an absence of memory for the platform in the MWM, but instead damage to Hp 
prevented rats from successfully updating their position in space and navigating to the 
remembered platform location.  
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Kubie and colleagues (1999), in a dry land version of the MWM, and Ramos 
(2009), in the radial arm maze, both extensively lesioned Hp and found a sparing of 
remote memory. The sparing of remote memory was not evident at first but emerged only 
after numerous reacquisition trials. This suggests that the reacquisition trials helped to 
overcome a performance impairment masking an intact underlying memory. Animals that 
received a similar lesion at 1 day failed to show any sort of improvement with an equal 
numbers of reacquisition trials, suggesting that improvement in the remote memory group 
was not due to a reminder effect or relearning (Ramos, 2009). 
 The arrangement of trees in the aviary in the current study is not unlike the 
MWM in that relocating sites requires the constant updating of a bird’s position in space. 
The relative sparing of Hp may have allowed birds in the 14 and 28 hour groups to 
successfully update their position in space and thus navigate to the correct remembered 
spatial locations. In addition, it is important to note that even in previous studies without 
evidence of a graded RA in both MWM and the radial arm maze, there is clear evidence 
that memory reorganization occurs at a systems level in these paradigms (Teixeria et al., 
2006; Maviel et al., 2004). It therefore seems likely that memories for specific sites 
would undergo similar reorganization. If this is correct the spared remote memory 
exhibited by birds in the current experiment may have been due to retrieval of memory 
from Ha.  
We cannot rule out that Hp is supporting the memory, but it seems unlikely since 
the deficit observed in the 1 day group was not observed in either the 14 or 28 day group 
despite Hp damage. It is known that complete Hp aspiration abolishes the ability of 
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chickadees to accurately relocate food cached 1 day (Sherry & Vaccarino, 1989). The 
present results provide evidence for systems level reorganization of memory and 
interplay between Hp and Ha in the storage of LTM in birds. This study also showed that 
chickadees can accurately relocate food sites for up to 28 days.  
Research on memory formation in birds is relatively limited. Little is known, for 
example, about the role of Ha in memory. If it indeed does serve as a repository for LTM 
this would support it’s the case for homology between Ha and the mammalian and 
human, cortex. The Black-capped chickadee offers an excellent model to test and a 
variety of questions about the formation and retrieval of memory.  
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!!
!
96!
References 
Bontempi, B., Laurent-Demir, C., Destrade, C., & Jaffard, D. (1999). Time-dependent 
 reorganization of brain circuitry underlying long-term memory storage. Nature, 
 400, 671-675. 
Bolhuis, J., Stewart, C.A., & Forrest, E.M. (1994). Retrograde amnesia and memory 
 reactivation in rats with ibotenate lesions to the hippocampus or subiculum. 
 Quarterly Journal of Experimental Psychology, 47, 129-150.  
Broadbent, N.J., Squire, L.R., & Clark, R.E. (2006). Reversible hippocampal lesions 
 disrupt water maze performance during both recent and remote memory tests. 
 Learning and Memory, 13, 187-191.  
Clark, R.E., Broadbent, N.J., & Squire, L.R. (2005a). Hippocampus and remote spatial 
 memory in rats. Hippocampus, 15, 260-272.   
Clark, R.E., Broadbent, N.J., & Squire, L.R. (2005b). Hippocampus and remote spatial 
 memory in rats. Hippocampus, 15, 260-272. 
Dudai, Y. (2004). The neurobiology of consolidations, or, how stable is the engram. 
 Annual Review in Psychology, 55, 51-86.  
Frankland, P. W., Bontempi, B., Talton, L. E., Kaczmarek, L. & Silva, A. J. (2004). The 
 involvement of the anterior cingulate cortex in remote contextual fear memory. 
 Science, 304, 881-883.  
Hitchcock, H.L., & Sherry, D.F. (1990). Long-term memory for cache sites in the black-
 capped chickadee. Animal Behaviour, 40, 701-712.  
!!
!
97!
Izumi, Y., & Zorumski, C.F. (2008) Direct cortical inputs erase long-term potentiation
 at schaffer collateral synapses. The Journal of Neuroscience, 28, 9557-9563. 
Knowlton, B.J., & Fanselow, M.S. (1998). The hippocampus, consolidation and online 
 memory. Current Opinion in Neurobiology, 8, 293-296.  
Kubie, J.L., Sutherland, R.J., & Muller, R.U. (1999). Hippocampal lesions produce a 
 temporally graded retrograde amnesia on a dry version of the morris swimming 
 task. Psychobiology, 27, 313-330. 
Martin, S.J., de Hoz, L., & Morris, R.G. (2005). Retrograde amnesia: neither partial nor 
 complete hippocampal lesions in rats result in preferential sparing of remote 
 spatial memory, even after reminding. Neuropsychologia, 43, 609-624. 
Maviel, T., Durkin, T., Menzaghi, F., & Bontempi, B. (2004). Sites of neocortical  
 reorganization critical for remote spatial memory. Science, 305, 96-99. 
Mumby, D.G., Astur, R.S., Wiesend, M.P., & Sutherland, R.J. (1999). Retrograde  
 amnesia and selective damage to the hippocampal formation: Memory for places 
 and object discrimination. Behavioural Brain Research, 106, 97-107.  
Nadel, L., & Moscovitch, M. (1997).  Memory consolidation, retrograde amnesia and the 
 hippocampal complex. Current Opinion in Neurobiology, 7, 217-227.  
Nader, K., Schafe, G.E., & LeDoux, J.E. (2000b). The labile nature of consolidation 
 theory. Nature, 407, 216 -219.   
Ramos, J.M.J. (1998). Retrograde amnesia for spatial information: A dissociation  
 between intra- and extramaze cues following hippocampus lesions in rats.  
 European Journal of Neuroscience, 10, 3295-3301.  
!!
!
98!
Ramos, J.M.J. (2009). Remote spatial memory and the hippocampus: effect of early
 and extensive training in the radial maze. Learning and Memory, 16, 554-563.  
Ribot, T. (1882). Diseases of memory. Brain and Cognition, 7, 201-211.  
Rudy, J.W., Biedenkapp, J.C., Moineau, J., & Bolding, K. (2006). Anisomycin and the 
 reconsolidation hypothesis. Learning and Memory, 13, 1-3. 
Scoville, W.B., & Milner, B. (1957). Loss of recent memory after bilateral hippocampal 
 lesions. Journal of Neuropsychiatry and Clinical Neuroscience, 1, 103-113. 
Shimizu, E., Tang, Y.P., Rampon, C., & Tsien, J.Z. (2000). NMDA receptor-dependent 
 synaptic reinforcement as a crucial process for memory consolidation. Science,
 290, 1170-1174. 
Squire, L.R. & Alvarez, P. (1995). Retrograde amnesia and memory consolidation: A 
 neurobiological perspective. Current Opinion in Neurobiology, 5, 169-177.  
Squire, L.R., Clark, R.E., & Bayley, P.J. (2005). Medial temporal lobe function and 
 memory. M. Gazzinaga, (Ed.). The Cognitive Neurosciences (691–708). 3rd ed. 
 Cambridge: MIT Press. 
Sherry, D.F. (1984). Food storage by black-capped chickadees: Memory for the location 
 and contents of caches. Animal Behaviour, 32, 451-464. 
Sherry, D.F., & Vaccarino, A.L. (1989). Hippocampus and memory for food caches in 
 black-capped chickadees. Behavioral Neuroscience, 103, 308-318. 
Teixeira, C.M., Pomedli, S.R., Maei, H.R., Kee, N., & Frankland, P.W. (2006).  
 Involvement of the anterior cingulate cortex in the expression of remote spatial 
 memory. Journal of Neuroscience, 26, 7555-7564.  
!!
!
99!
Winocur, G., Moscovitch, M., Fogel, S., Rosenbaum, R.S., & Sekeres, M. (2005b).
 Preserved spatial memory after hippocampal lesions: effects of extensive  
 experience in a complex environment. Nature Neuroscience, 8, 273-275. 
!
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
!
!!
!
100!
CHAPTER 4 
GENERAL DISCUSSION 
The aim of the current study was to examine the processes of synaptic and 
systems consolidation using spatial memory in the Black-capped chickadee as a novel 
and ecologically relevant paradigm.  
In Chapter 2 the results clearly indicate that de novo protein synthesis is integral 
in the initial stabilization of memories. We corroborated previous research demonstrating 
that the requirement for protein synthesis may not be restricted to a single time window 
immediately following training but instead occur in multiple time windows (Grecksch & 
Matthies, 1980; Freeman, Rose, & Scholey, 1995). Birds administered ANI at 0 and 2 or 
4 and 6 hours post-storage had poorer accuracy and required a greater number of searches 
to retrieve cached food items. These memory deficits remained relatively stable for 48 
hours. Memory impairment seems the likeliest cause of the differences observed between 
ANI-treated and control birds because the effects were selective and the frequency of 
search behaviour was unaffected.  The systemic injections used, however, did allow ANI 
to enter general circulation, and thus the effects of ANI could have been widespread. 
Since memory is a highly interconnected phenomenon that involves multiple underlying 
brain networks (Nader, 2000b) the deficits in memory for intact cache sites may be due to 
adverse effects on memory mechanisms at numerous anatomical sites. Previous research 
has shown that ANI affects a range of physiological processes, including mitogen-
activated protein kinase, catecholamine secretion, and apoptosis (Lattal & Abel, 2004; 
Rudy et al., 2006). An obvious and worthwhile extension of the present study would be to 
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deliver ANI locally and selectively to specific brain regions. One such region would be 
the hippocampus (Hp), which is known to play a role in spatial memory in the Black-
capped chickadee. Overall our results are congruent with most previous studies, and 
suggest that synaptic consolidation in birds requires protein synthesis to fix information 
in LTM.  
In Chapter 3, the results suggest that memory formation involves interactions 
between Hp and other brain areas, such as Ha. Lesions interrupting communication 
between Hp and Ha produced a deficit in recent memory but left remote memory for 
events that occurred 14 and 28 days earlier unaffected. Future studies of the role of Ha in 
maintaining remote memories, along with more targeted lesions of Hp at varying time 
points would help determine how Hp and Ha interact in the retrieval and activation of 
memory.  
From an evolutionary perspective, systems consolidation in the Black-capped 
chickadee is clearly advantageous. Fall and winter months are characterized by intensive 
food caching when hundreds of food items can be stored on a daily basis (Sherry, 1984). 
It has been suggested that the hippocampus may have a limited storage capacity (Traub & 
Miles, 1991). The hippocampus is also a site of robust adult neurogenesis in both birds 
and mammals. Remarkably, reducing hippocampal neurogenesis may make memory 
more stable and persistent.  In knockout mice that lacked the gene encoding presenilin-1 
mutation, which is largely responsible for the onset of early Alzheimer’s, there was a 
significant decrease in environment-induced neurogenesis (Feng et al., 2001). That is, a 
decrease in neurogenesis was correlated with a decrease in the Alzheimer’s-like 
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phenotype. Neurogenesis may, thus, serve to destabilize and erase outdated Hp memory 
traces after cortical memory consolidation, freeing up space in Hp for the processing of 
new information (Wittenberg & Tsien, 2002). Chickadees, perhaps not coincidently, have 
a heightened level of neurogenesis during the fall and winter months when most food 
storing occurs (Smulders, Sasson & DeVoogd, 1995; Smulders, Shiflett, Sperling & 
DeVoogd, 2000; Hoshooley, Phillmore, Sherry & MacDougall-Shackleton, 2007; Sherry 
& Hoshooley, 2010). Since there is high turnover of memories for new cache sites on a 
daily basis in the fall and winter the increase in neurogenesis, as Feng et al. (2001) 
suggested, may promote “forgetting” of older cache sites in the Hp. Systems 
consolidation would thus serve to store memory for ‘old’ cache sites outside the 
hippocampus, while allowing new cache sites to be processed hippocampally. In terms of 
application of the present results, there is little doubt that in an aging population, the 
prevalence of neurodegenerative dementia will increase, putting pressure on the research 
community to better understand the causes of memory failure.  The role of neurogenesis 
in “forgetting” continues to attract attention, and birds offer an excellent model to 
examine the role of protein synthesis and system consolidation in memory.  
The mechanisms driving memory consolidation have been at the center of debate 
for decades. During this time our understanding has grown and continues to grow. The 
current studies provide new information on synaptic consolidation and systems 
consolidation phenomenon in birds and demonstrate the usefulness of avian species as 
animal models for memory research.   
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Publications: 
 
Manuscripts in Preparation 
 
Barrett, M.C., & Sherry, D.F. (2012). Systems consolidation in the black-capped  
 chickadee (poecile atricapillus).  
Barrett, M.C., & Sherry, D.F. (2012). Memory consolidation and reconsolidation in the 
 black-capped chickadee (poecile atricapillus).  
Presentations:  
 
Barrett, M.C., & Sherry, D.F. (2011). Memory Reconsolidation in the Black-capped 
 Chickadee. Poster presented at the 41
st
 Society for Neuroscience Conference, 
 Washington, D.C. 
Wiechers, A.A., Barrett, M.C., & Sherry, D.F. (2011). Who memory in the Black-capped 
 Chickadee. Lecture at Western University Neuroscience Summer School,  
 London, Ontario.  
Barrett, M.C., & Sherry, D.F. (2010). Is memory reconsolidation following retrieval in 
 Black-capped Chickadees? Poster presented at the Honours Thesis Conference at 
 the Western University, London, Ontario. 
Teaching Experience: 
2010-2011  Teaching Assistant, Psych 1000, Introduction to Psychology, 
 Department of Psychology, Western University. 
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